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PREFACE 


This issue represents the first step in the transition from an annual to a 
quarterly volume of A. I. E. E. TRANSACTIONS. The amount of technical 
papers published annually by the Institute has been constantly increasing, and 
during the past year reached a volume that could not economically be bound in 
a single book. To avoid discarding a large number of acceptable papers in 
order to keep within the limits of a single book, it has been planned to issue the 
TRANSACTIONS quarterly, in pamphlet binding, which makes them eligible to 
entry as second-class mail. A limited number of the quarterlies will be bound 
in cloth to meet the demand of those who desire a more permanent binding, for 
which an additional price is charged. Aside from its mechanical make-up the 
quarterly TRANSACTIONS will be exactly like the former annual volumes as to 
their contents, which will consist, as heretofore, of those papers and discussions 
presented before the Institute that are judged worthy of being included in its 
permanent records. It is believed that the present plan will take care of the 
increasing publication demands for several years. 
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Advance Planning of the T elephone ‘Toll Plant 


BY J. N. CHAMBERLIN: 


Member, A. I. E. E. 


HE advance planning activities of a large telephone 
company is a field of endeavor that perhaps is 
not very generally understood by those not in- 

timately associated with the communication art. 
This may be due to many circumstances, the more 
probable of which is the fact that telephone service 
has grown to be one of the necessities of social and 
business life and, from casual observation, seems to 
differ but little in individual locations. In the small or 
large community, similar subscribers apparatus is in 
general use; wires and poles of like character are in 
evidence and service is apparently rendered in 
much the same manner. These observations are 
basically correct. In structural design and operating 
practises, however, widely different problems are 
encountered in the rendering of service in separate 
communities. 

Satisfactory service to the customer and economic 
operation in all locations require continuous study of 
both the present and probable future service demands, 
operating practises and characteristics of the physical 
plants design. In the small communities or exchanges, 
as they are called, problems of less complexity are 
encountered than in the metropolitan areas. The 
solution of these, however, whether they be large or 
small, are important functions of successful operation. 
Small exchanges grow and change in character and the 
telephone company must so plan its activities as to 
meet satisfactorily the future conditions as they may 
present themselves and at the same time, provide a 
financially sound structure in the rendering of a uni- 
versal service. As a community develops and more 
service is rendered, more than proportionate amounts of 
capital and labor are required in providing the service 
for each additional customer. Interconnecting devices 
or switchboards are limited to a definite number of 
subscriber’s lines. When the switchboard’s capacity is 
reached, new offices or replacing switchboards of larger 
size are required. The number of operators employed 
9 is dependent upon the amount of service rendered and 
(yas service demands increase, more operators are em- 
% ployed. Pole line, wire, and cable are installed as 
naan to meet the expected future requirements of 

ustomers. The character and extent of this part of a 
~ telephone structure are governed by the size and density 

in population of the area served. 

The average individual, not fully informed in the 

«complexity of telephone equipment or the details of 
operation, is very apt, in his appraisal of the business, 
to use as a unit of measure, the telephone instrument. 


SL. Outside Plant Engineer, Pacific Tel. & Tel. Co., San Fran- 


- * cisco, Calif. 
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He fails to realize that, in a telephone system, 
separate and complicated pieces of equipment are 
permanently assigned on the switchboard to individual 
subscriber’s lines and that large amounts of equipment 
and apparatus are required for the establishment of an 
independent channel of communication for each pair 
of talkers. The telephone instruments, channels of 
communication and switchboards are the mediums 
through which service is rendered. Therefore, the 
three components rather than any individual one should 
be used as a unit in a general analysis. Service, on the 
other hand, is what is being offered under the various 
tariffs and it, rather than any of the physical properties, 
is a more correct measure of value. If service is 
restricted as to hours, distances and types, the cost of 
rendering it lessens; likewise its value to the user. 


The term “telephone plant" very aptly describes the 
structure by which communication service is rendered. 
It is ever varying in its charactristics and must grow 
in size and nature in a manner consistent with the 
demands resulting from the population within the area 
served. When people move into or within a community 
and want telephone service, the company must be 
prepared by the extension of its lines to give the service. 
As compared with other utility fields, the telephone 
business is somewhat unique in that applicants for 
service are not the only ones interested in obtaining it. 
The value of the service to those who already have it, is 
of course increased by the number connected with the 
system. Also the service rendered must always satisfy 
two individuals rather than one and must be available 
at such time of the day or night and for such duration 
as the customers, themselves, may elect. | 


During the pioneering days of the telephone business, 
little realization could be had of the development of the 
art to the state in which we find it today. To attempt, 
at the present, a detailed prediction of future attain- 
ments would result in but individual theory and is 
in no way herein attempted. Effort is to be made to 
simply set forth, in a very general manner, some of the 
fundamentals that are used today in advance planning, 
partieularly as they concern long distance telephone 
service. In doing this, it will be necessary frequently to 
refer to some of the fundamentals underlying local or 
exchange plant planning, as such activitiesareintimately 
related to the planning of long distance service. 


While similar to other structures in many ways, 2 
long distance telephone plant is quite dissimilar, 
especially in regard to the ever present indeterminate 
demand that may, without any appreciable warning, 
be placed upon it. Local disasters and climatic dis- 
turbances repeatedly give rise to heavy service demands. 
These can, in no way, be anticipated as to time or im- 
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portance. Their occurrence, however, must be ex- 
pected and means provided in a general way for caring 
for these occasional surges in demands for service. 
Seasonal loads resulting from accelerated business 
activities occur at different times of the year in widely 
separated localities. The demand for service to and 
from recreation resorts during the summer months 
presents another rather indeterminate demand for 
service. These latter loads, as they are termed, can 
be better anticipated than the former as their annual 
recurrence can be made a matter of record and their 
characteristics closely studied. 

The linking together of two separate communities of 
meager population, as was repeatedly done in the past, 
is incomparable with the demands for the network of 
circuits made upon the telephone company of today. by 
the ever growing metropolitan and suburban areas. 
Closely allied to the demand resulting from increased 
population is the growing demand as a result of the 
increased use of the telephone in business and social 
activities. 

Experience has indicated that the telephone service 
grows much more rapidly than the population because 
of the necessity of meeting the service demands of not 
only the new population but also the increasing demands 
of the existing population. The term “population” as 
herein used denotes families, rather than a per capita 
population, it being obvious that such a unit is more 
closely related to communication service requirements 
than would be a per capita unit. 

It is, therefore, a function of good telephone manage- 
ment to estimate population increases as accurately as 
is possible in advance in order that facilities may be 
extended with confidence that the future service de- 
mands will be satisfactorily met and that they will be 
handled along basically sound lines and with maximum 


economy. ‘This requires what are termed “commercial 


surveys" or *development surveys" which are detailed 
estimates of future expectancies. The compilation of 
these surveys demands a large amount of field work, 
the tabulation of existing statistics and forecasting of 
the probable changes in amounts and distribution of 
the future population. Analyses are made of the 
amount of the past growth and of the reasons for this 
growth. The factors affecting future growth are 
considered and evaluated, and estimates made of the 
most probable future population growth. 

As any estimate of future population may be in 
error, due to occurrence of some unpredictable event, 
it is highly essential that the management be ever on 
the alert to observe the first indications and the im- 
portance of changing circumstances and conditions. 
Selected and highly trained personnel, therefore, are 
continually employed in analyzing the economic and 
business conditions of the community being served and 
are closely studying the details of the probable moves of 
population within and between both urban and sub- 
urban areas. Such prophecy as an estimate of the 
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probable redistribution of the population as will result 
from better roads or improved transportation facilities 
between communities is:a typical example of this 
development engineering. Another example and one 
which is highly important in local or exchange line 
development survey activities, is the forecasting of the 
effect that will result from the constant change of 
individual properties from residence to apartment house 
and business purposes. 

The estimates of future population are made of 
individual communities for a major portion of the area 
served and forecast the probable population for several 
periods into the future. "These estimates picture the 
size, distribution, and character of the future market for 
telephone service. Additional estimates of the service 
demands from this market must then be made so that 
the final estimates may indicate the probable number of 
telephones that will be required at different future 
periods. As both individual and party line service are 
usually offered in an exchange area and telephone plant 
investment and operating costs vary in the rendering 
of the several grades of service, it is necessary to proceed 
further with the prediction of the estimated “telephone 
development" by classifying it into the various types of 
service rendered. After this has been accomplished 
these data are transcribed in numerical form to large 
scale survey maps covering the area being studied. 
These maps are called ‘‘telephone line distribution 
maps," and serve to indicate the density and approxi- 
mate location by small areas of the total number of 
anticipated subscribers lines. 

When the features of the development survey neces- 
sary to prepare the line distribution map have been con- 
cluded for individual communities, it is necessary to 
then make predictions as to the amount of service that 
will result from the estimated telephones. In telephone 
language this means the determination of the “calling 
rate" or average use of the service per customer's station. 
In small communities this is not a feature of major 
concern. In the metropolitan areas, where several 
operating central offices are maintained, it is a highly 
important function in developing the detail design of 
the future plant structure. | 

Interrelated and associated with the study of calling 
rates in a multi-office exchange area is a further activity 
which has to do with the forecasting of the direction of 
the flow of service between the several operating areas 
within the exchange. Between adjacent central office 
districts there usually exists a different community of 
interest. among the customers than between non- 
adjacent offices or between residence and business areas. 

The ratio of the present telephone development to 
the population, location, average number of daily 
ealls per eustomer's station, and the direction of flow of 
the past service is, of course, a matter of record. "These 
statisties are extensively used in making predictions 
but in no way preclude the necessity for the exercise of 
sound judgment in forecasting the probable future 
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trend of service demands and characteristics. Upon 
the results of these series of studies and forecasts, 
operating plans are adopted and construction details 
determined. It is therefore, apparent that this portion 
of advance planning work is a highly important part of 
telephone engineering. 

In the exchange lines or local plant planning, these 


data are used to prepare basic plant layouts to be used 


as guides in construction and future extension work. 
These plant layouts, or “fundamental plans" as they are 
called, depict both present and anticipated future 
central operating centers, local service limitations, 
economic plant arrangements, and such other pertinent 
data as may be reasonably forecast. Their preparation 
requires a large amount of time and study by a personnel 
that has a thorough knowledge of telephone funda- 
mentals. Detailed consideration in these studiesis given 
to the determination of the ultimate number, size, and 
location of central offices. Comparisons are made of 
various types of equipment, operating methods, and 
construction details. The wire mileage required in 
concentrating the subscriber’s lines as indicated on the 
previously mentioned line distribution map under 
different plans are determined, land values and costs of 
construction and maintenance estimated and studied 
before the selection of a plan is undertaken. In ex- 
changes requiring but one central office, these tasks are 
comparatively simple. In the multi-office exchange, 
however, and those approximating such size, many 
additional factors, such as trunk and tie lines between 
central offices, present themselves as influencing factors 
in arriving at an ultimate decision. Many other 
features of importance are concerned in these funda- 
mental plan studies but cannot be dealt with here in 
the time allowed for the subject in hand. 

In long distance or toll line advance planning, these 
same data are used in the formulation of a long range 
basic toll line plant layout or toll fundamental plan. 
In these latter studies, however, it is necessary to 
analyze, among other things, the flow of calls between, 
rather than within, individual communities. How 
service between separate and distant areas is to be 
handled, where interconnection between circuits and 
recording is to be done, and how many circuits will be 
required to satisfactorily serve the long distance service 
demand over future periods of years, are the desired 
conclusions to be obtained from these studies. 

The item of cost in relation to service finds its fullest 
application in these fundamental plan activities. Ad- 
vancement in the art is to be anticipated and the cost of 
all progress must be judicially interpreted and forecast. 
Technical development is of necessity an all important 
factor in the giving and extension of communication 
service. Its mastery, however, in no way excludes the 
study of economies; on the contrary, it creates economie 
problems that require extensive study and ultimate 
solution before general application can be made of any 
individual improvement. 
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Many different general plans of varying details 
present themselves for solution during the activities - 
concerned in these studies. 'These must be indepen- 
dently worked out and comparisons made, both from 
the service and cost viewpoint, before conclusions are 


` formed. This is done through the medium of engineer- 


ing eost eomparison studies which usually express in 
terms of equivalent present worths, the total costs of 
the different plans over an extended cycle of years. 
Special problems concerned with detailed features of 
individual additions to the plant structure, quite 
naturally cannot be intimately dealt with, and fully set 
forth in a general study of basic fundamentals. These 
must be studied as they arise during current activities 
dealing with changes and additions to the plant and 


their solutions obtained through individual study. 


The engineering cost comparison study, in which the 
initial investment, deferred investments, annual eharges 
and credits for future salvage returns of different plans 
of comparable design are analyzed, is a most important 
element in future planning. The initial and deferred 
eosts of the different plans are usually very readily 
obtained. The annual costs and salvage credits to be 
anticipated at the termination of the service life of the 
plant structure are more difficult of correct interpreta- 
tion. They are, nevertheless, of equalimportance in the 
solution. Similar to all analyses of future cost factors, 
these engineering eost comparison studies involve the 
making of definite assumptions of future anticipation. 
Due to the climatic and human elements, that con- 
tinually affect the service life and maintenance expense 
of a large part of a telephone company’s investment, 
it is highly essential that the assumptions in these 
studies be based upon an intimate knowledge of present 
and anticipated factors, and that proper decisions be 
made in appraising the results that are indicated at the 
conclusion of the studies. 

It is very necessary in their interpretation, therefore, 
to give thorough consideration to many intangible 
elements. A few of these may be cited as follows: 

1. The practicability of the several plans under 
possible future changing conditions. 

2. The adaptability of the separate plans to existing 
plant units and to future technical advancement. 

3. The new money required to put the individual 
plans into effect. 

4. The weighing of assured immediate economies 
of one plan with the estimated future economies of 
other plans. 

There is no simple method for determining exactly 
how many toll calls will flow to or from individual 
communities. The experience of competent engineers 
and a thorough study of past and present statistics and 
related forecasts is the best available guide in planning 
for the expansion of the service. Extensive records are 
kept of the average number of long distance calls 
placed per customer’s station; of how the originating 
traffic of individual communities is distributed over 
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existing circuits; of the time consumed in making the 
desired connection or interconnection, and the average 
time the circuit is held for conversation. 


For the purpose of planning, schedules of the call 
carrying capacity of the circuits under different operat- 
ing methods and under different conditions as regards 
service delays have been formulated. Their applica- 
tion varies with the length of the circuit, number of 
circuits in a group, and the ratio of direct calls-to-calls 
requiring built up connections. In planning for the 
future, these theoretical circuit eapacity schedules are 
set up on a premise of a different degree of freedom from 
service delays, on account of no circuit conditions, 
occurring on a given number of calls. By a no circuit 
condition is meant that all cireuits in à particular 
circuit group are in use at the time a connection is 
desired. 


The determination of future circuit requirements 
over long term periods is carried on by the use of these 
schedules and the estimates of future traffic. In 
predicting the immediate necessity for circuit re- 
_ arrangements and additions they are, however, modified 
to meet the cireumstances under individual review. 
As operating conditions and local service demands 
result in a considerable varying of speed of service and 
circuit capacity between individual communities, it is 
necessary that intensive study be given to individual 
groups. Such matters as the size of the circuit group, 
the type of service to be rendered, the average length of 
conversation, and the distribution of the traffic through 
the hours of the day, must receive careful consideration. 


A record is usually taken over a period of 20 business 
days during the month, in which the distribution of the 
traffic is representative of the conditions for which the 
plant is to be engineered. When encountering con- 
ditions that are not similar throughout the territory, 
this record is adjusted for the different seasonal con- 
ditions. As circuit groups do not experience their 
greatest traffic in the same month or maintain the same 
trend throughout the year, supplemental checks of the 
traffic volumes are made. Ordinarily additional cir- 
cuits are provided less liberally for groups showing a 
traffic peak of relatively short duration than for groups 
carrying heavy traffic over periods of two or three 
months. These checks are also studied for the purpose 
of determining the possibility of overflowing traffic 
to groups having margins and of rearranging the circuit 
layout either temporarily or permanently to meet 
fluctuations. 

These detailed studies of circuits and load character- 
istics have been used extensively in the past in determin- 
ing the immediate and early necessity for circuit re- 
arrangements and additions to individual groups. 
Today it is necessary to use them as a guide in the pro- 
jection of future requirements over long periods of 
years. This is due to the changing design of long dis- 
tance telephone plant and is made necessary by the 


installation of a large portion of the circuit facilities on 
a somewhat different basis than in former years. 

Until a comparatively few years ago, practically all 
long toll circuits were of open wire construction; that is, 
individual wires separately attached to crossarms on the 
poles. These have been installed as required and were a 
natural development due to the small number of 
circuits required to handle early day long distance 
demands. The wires have very generally comprised 
two sizes, namely, No. 8 Birmingham wire gage, 
(165 mil), weighing 435 Ib. per mi., and No. 12 New 
British standard gage, (104 mil), weighing 173 1b. 
per mi. These two types of uninsulated wire have 


admirably lent themselves to the many changes and 


improvements in the communication art. For many 
years the limits for the highest grade service with these 
conductors were approximately 400 and 200 mi., re- 
spectively. The development of associated equipment, 
however, has so increased the distance over which service 
may be rendered with these sizes of wire, that today 
finds them in general use over distances of thousands of 
miles. 

The introduction of the inductance or loading coil on 
open wire circuits, many years ago, so reduced the 
attenuation loss of open wire circuits that satisfactory 
voice communication was greatly extended in range. 
Distance of transmission on open wire circuits was 
later further increased by the installation of the 
mechanical repeater into the circuit to be used in con- 
junction with the loading coil. Experience, however, 
soon indicated that improvement must be made in the 
uniformity of the amplification given by the repeaters 
in order to raise the intelligibility of the voice trans- 
mission to a higher standard. This led to the use of 
the vacuum tube repeater which economically and 
satisfactorily eliminated the limitations of the mechani- 
cal type repeater. As a result, the vacuum tube 
repeater soon replaced the mechanical type and is today 
exclusively used in voice amplification. 

Improvements and modifications in the design of the 
repeater and reduction in its cost of manufacture have 
made it desirable and economical to use it more fre- 
quently on long-distance lines in lieu of the loading coil. 
At present, therefore, we find the use of the loading coil 
on open wire lines very generally restricted. In its 
place is found the vacuum tube repeater, with service 
range increased and quality of transmission improved. 

The non-loaded No. 165 and 104-mil open wire circuit 
have also permitted the development and use of the 
higher frequency ranges in voice communication. 
Without distortion or sacrifice to the quality of the 
service, frequencies ranging up to 30,000 can be used on 
non-loaded repeatered open wire lines. The applica- 
tion of these higher frequency ranges to what are termed 
“carrier current systems,” in voice communication, 
has extended the field of use of the open wire circuit 
many fold. In brief explanation of this statement, a 
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typical open wire line, carrying four fully equipped ten 


pin crossarms, is capable of providing the following 


voice channels. Four crossarms supporting 40 wires 
of the standard configuration of 12-in. horizontal and 
24-in. vertical separation, when properly transposed, 
produce 20 physical and 10 phantom circuits or a total 
of 30 voice-frequency talking circuits. By the proper 
coordinating or additional transposing of 8 of the wires 
on the top crossarm four carrier current systems can 
be superposed on the 8 wires. As each system is 
capable of producing 3 speech channels a total of 12 
additional circuits is thus provided. Without any 
loss in the number of voice frequency circuits on the 
lead four similar carrier systems with like circuit possi- 
bilities can be superposed on eight wires of the third 
crossarm. This complete arrangement therefore in- 
creases the speech channels on a 40-wire line from 30 to 
54 circuits or nearly one hundred per cent. 

Carrier current telegraph systems of ten channels 
each can also be similarly superposed on the open wire 
circuits, thus in another manner greatly extending the 
use of open wire for communication service. At the 
present time it does not appear economical, due to the 
excessive expense of balancing the open wire for purpose 
of eliminating interference or “‘cross-talk’’ to superpose 
telephone carrier current systems of the three channel 
type on adjacent crossarms. - | | 

These three-channel carrier systems require highly 
expensive terminal equipment and well insulated and 
evenly balanced open wire lines. The economy of their 
installation generally speaking is confined to lines of 
150 mi. and over in length. Often however, major 
reconstruction work on a pole line that would be 
required by additional open wire placements can be 
advantageously deferred by the judicious use of the 
carrier systems. Recent developments in high-fre- 
quency systems have resulted in a new system of one 
channel. This type is proving economical for super- 
posing on open wire lines of approximately 50 mi. in 
length. 

The rapidly increasing demands for toll service several 
years ago indieated many difficulties in providing for 
future long distance communication service on a wholly 
open wire basis. The number of open wires that can be 
placed upon a pole line is limited. 'The number of 
pole lines that can be constructed along highway 
routes is restricted and the costs of purchasing private 
rights-of-way for open wire lines is becoming excessive. 


These conditions prompted the development of some. 


other practicable method of providing for the increasing 
number of toll circuits. 

To meet this situation, effort was made to provide 
means which would permit of satisfactory conversation 
over long lengths of cable. In other words it appeared 
desirable to provide along one path a greater number of 
circuits of a type that require less space and structural 
support. In this endeavor highly successful results 
have been attained. Satisfactory conversation can 
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now be given over an extended network of cable plant. 
Repeater operation appears to have solved the problem 
of distance and in so doing has made possible reductions 
in the use of copper to approximately 10 per cent of the 
amount used in open wire circuits of equal length. 
For example instead of the No. 8-gage open wire weigh- 
ing 870 Ib. per circuit mi. and the No. 12-gage weigh- 
ing 344 Ib. per circuit mi., the conductors, which are 
extensively used today in cable design weigh but 80 
and 40 lb. per circuit mi. In the cable type of con- 
struction from 100 to 300 voice frequency circuits are 
provided in a cross sectional area of less than 6 sq. in. 
To accomplish this, relatively small gage wire must be 
used and some dielectric other than air must be provided 
for maintaining separation of the wires. 

Two types of cable conductors present an economic 
balance at this time for general use. These comprise 16- 
gage wire, weighing about 40 lb. per mi. and 19- 
gage wire, weighing about 20 lb. per mi. These 
wires are each individually insulated by means of a 
spiral wrapping of paper ribbon of approximately 0.004 
in. thickness and 0.625 in. in width. The wires are 
twisted into pairs, the pairs laid up into groups of 4 
wires, termed “quads” and the “quads” stranded to- 
gether and enclosed in a lead-antimony sheath of 
approximately 1% in. in thickness. In a large portion 
of toll cable installations it is found economical to 
provide a complement of both sizes of conductors in an 
individual cable sheath. This feature can be deter- 
mined only after an extensive and detailed study of the 
use to which the individual circuits are to be placed. 
In a majority of instances comparisons must be made 
as to the economies of a larger gage with those of a 
smaller gage provided with a greater number of tele- 
phone repeaters, it being possible to obtain the same 
grade of circuits having given characteristics, by either 
size of conductor equipped with a different number of 
repeaters. 

It is conceivable, although obviously impracticable, 
to design all circuit groups on a toll lead as individual 
units. Practical operation requires the centralizing 
of loading coils and repeaters at a minimum of locations. 
In the average cable installation loading coils are placed 
at regular intervals of approximately 6000 ft. and re- 
peaters at approximately 50 mi. intervals. In locating 
these latter, consideration must be given to housing 
facilities as from one hundred to several hundred 
repeaters are usually installed at a given location. 
They must also be located in close proximity to the 
location dictated by electrical requirements. 

Toll cable construction presents many advantages 
over open wire plant. It provides at one time an 
equivalent number of circuits that are offered by seven 
or eight open wire lines. The ever annoying foliage 
interference occasioned on open wire circuits passing 
through wooded sections is largely eliminated by cable 
construction. Of major importance also is the relief 
afforded from service interruption occasioned by sleet 
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and wind storms and the resultant costa of the restora- 
tion of service. 

Thorough studies of the economic design of toll cables 
are important before proceeding with an installation. 
Due to the many circuits provided at one time and the 
relative high cost of cable construction it is necessary 
in economic planning to design a cable to serve for an 
extended period of years into the future. This requires 
not only an intimate knowledge of the present use to 
which an individual cable is to be placed but also a well 
coordinated plan of its fitness to form an important unit 
in an ultimate cable network. 

In long-distance wire communication, therefore, 
consideration is given in advance planning to the pro- 
vision of three types of service facilities. Between the 
scattered and sparsely settled areas, the open wire 
circuit is at first provided. As demands for more service 

are encountered additional facilities are provided by 
means of more open wire or the superposing on existing 
wire of carrier current systems. Between the well 
developed and fast growing areas, however, where an 
extensive network of circuits is already in service the 
matter of planning for future additions is a decidedly 
different problem. Here is encountered the solving 
of many problems relative to the continuance of open 
wire construction versus toll cable installation. 

Questions of route, both as to desirability and 
permanency of location are of major importance in 
designing additions and changes in the character of 
construction. In the early days of the telephone 
business this was not a matter of great concern. With 
electrical development in the power and communication 
fields and the gradual extension of both services, the 
problem of the coordination of the network of wires 
makes necessary an intimate study of the induced 
disturbances that may result when wires of either service 
are located in close proximity to wires rendering another 
type of service. 

Many fundamental differences exist between power 
and telephone transmission systems. The former 
transmits large amounts of power usually at relatively 
low frequencies while the latter transmits speech waves 
through the use of a very small amount of electrical 
energy at a comparatively high frequency. Even with 
the use of relatively small amounts of electrical energy 
in wire communication, the economy of placing circuits 
close together and of superposing several channels of 
communication on each pair of wires, justifies and re- 
quires an elaborate scheme of coordination between 
the telephone wires themselves to eliminate mutual 
interference between channels. These requirements 
are closely related to those for prevention of interference 
from external sources. Induced disturbances from 
electrical circuits rendering other services, when in 
close proximity to communication channels, may 
seriously interfere with satisfactory voice transmission 
and cause interruptions to service, damage to plant, and 
hazard to personnel. 


This subject of interference from other sources has 
been extensively discussed on previous occasions. 
Reference is made to it in passing for the purpose of 
indicating the continued importance of coordination 
work by those concerned in the advance planning of 
telephone and power long distance service. If the 
more general use of toll cable construction should elim- 
inate the inductive coordination problem of today it 
would indeed be fortunate. Such attainment however, 
cannot be anticipated. Freedom through separation 
from other electrical circuits and the cooperation in 
the application of remedial measures by all wire using 
companies must continue to be effected in the planning, 
maintenance, and operating practises of the different 
electrical systems. In the advancement of such co- 
operative effort notable contributions have been made 
by the interutility joint committees, such as the General 
Joint Committee of the National Electric Light Asso- 
ciation and the Bell Telephone System. 

Other problems, not of an electrical nature, are con- 
cerned with the construction details of both open wire 
and toll cable installations. Pole structures must be 
designed to withstand not only the dead weight of the 
anticipated attachments but the storm stresses that 
may occasionally be experienced. These of course 
vary in different locations and are an individual field 
of study and research. Studies of this nature are not 
confined in particular to the telephone business but 
they are an important element in the work of rendering 
proper service. Sub-surface structures, such as con- 
duits and splicing vaults form a large item of investment 
in all telephone companies plant. This type of con- 
struction is rapidly being extended, particularly in 
connection with extensive toll cable conditions. Under- 
ground conduits, into which cables may be drawn, offer 
reasonable permanency of location and freedom from 
fire destruction and the devastating effects of climatic 
disturbances. In order to obtain economies in under- 
ground construction however, it is necessary to provide 
for many years into the future; therefore well established 
fundamentals must underlie any major conduit in- 
stallation. In this connection it differs from the other 
branches of advance planning work only in that it 
usually concerns the provision of a type of plant for 
greater periods into the future. 

The results obtained by making the studies which 
have been very briefly discussed indicate the anticipated 
relative economies of the future plant structure under 
assumed conditions. It is necessary however, before 
undertaking any major plant work, particularly if large 
expenditures are involved, to formulate a well balanced 
and orderly construction program. This is a very 
essential part of advance planning. Materials and 
labor must be available at widely separate locations 
and at prearranged periods and all unfavorable reactions 
to the service while carrying on the construction pro- 
gram must be avoided. For purpose of indicating the 
scope of these planning activities and their results the 
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following brief review is given of a portion of the Pacific 
Telephone and Telegraph Company's present toll: plant 
structure and.current extension program. 

In the Northern California area of the Pacific Com- 
pany’s territory, comprising a majority of the communi- 
ties in the State of California situated north of the 
Tehachapi Mountains, there are some 380 separate 
company operated exchanges. These vary in size from 
the small hamlet.of a few inhabitants to the large cities 
of several hundred thousand population. Intercon- 
necting and serving these localities with long distance 
telephone service are 178 main or toll center groups of 
circuits and 424 so called tributary circuit groups. 
At the present time most of these are in open wire 
construction. In planning for the future, quite nat- 
urally the major problems center around the larger 
and more rapidly growing groups. Correct solution of 
the future service on these groups however, cannot be 
obtained without thorough consideration being given 
to the tributary groups. This is being carried on by 
members of the Pacific Company’s staff. Many 
circuit miles of open wire construction is included in 
the future program. Extensive carrier current systems 
are contemplated and approximately 1000 mi. of toll 
cable installation is being designed for the provision of 
service over the next 10 year period. 

. Within the past 12 months a 90-mi. section of this 
cable network has been completed between the San 
Francisco Bay area and Sacramento, California. The 
eable was designed to provide 295 voice communication 
channels for rendering service to Sacramento and points 
north and east. Liberal provision was also made for 
service to intermediate points. The cable is of 19 and 
16 gage design, is equipped with loading coils at 
intervals of 6000 ft. and is provided with repeater service 
at the town of Crockett, located 30 mi. northeast of 
San Francisco. The repeater station is equipped at 
the present time with 100 repeaters and is designed to 
house approximately 200 additional repeaters over the 
next few years. This toll cable has been designed for 
extension northward and eastward at a future date, 
at which time it will form an intimate unit of a cable 
network extending very generally throughout the State 
of California. | 

In the 1000 mi. of toll cable network included in the 
present program, studies indicate the desirability of 
proceeding with the installation of approximately 
100-mi. of cable per annum. A large part of this will 
be along existing open wire routes, although con- 
siderable relocating will be required and many under- 

‘ground sections will be constructed. 

In the San Francisco Bay area there exists today an 
extensive toll cable network. This provides cable 
circuits to and between surrounding communities and 
toll entering facilities for the long distance open wire 
circuits radiating from the San Francisco Exchange. 
The continued maintenance and future planning of a 
large portion of this network presents an additional 


and independent problem, not previously referred to 
and not very extensively encountered in other localities. 
This has to do with the planning of a large amount of 
submarine cable plant. 

San Francisco Bay is an extensive body of water, both 
in area and depth. To cross it at strategic points with 
communication service and place the necessary plant 
structures in reasonable permanent locations, requires 
the use of submarine cables of closed sheath lengths of 
from 10,000 to 18,000 ft. These cables must be main- 
tained at depths ranging to 200 ft. In the crossing of 
the Bay from San Francisco to the East Bay communi- 
ties, a water distance of approximately 4 mi., two 10,000 
ft. sections are required to form an individual cable. 
The presence of Yerba Buena Island about mid-distant 
makes it possible to so sectionalize the cables into 
two units. This is a fortunate circumstance as ad- 
vantage can be taken at the shore of the island to install 
cable loading coils. 

In the short haul cireuit groups rendering transbay 
service between the Bay area communities there are in 
use at the present time approximately 1400 circuits. 
Some conception of the magnitude of this number of 
voice frequency circuits may be obtained by realizing 
their equivalent number expressed in open wire. Were 
it possible to render this transbay service with standard 
open wire construction there would be required 24 
individual pole lines each supporting 8 crossarms of 
10 wires each. | 

Until a comparatively short time ago all circuits en- 
tering and leaving San Francisco, with the exception of 
one very short circuit required in their path the use of - 
submarine cable. "This was a very undesirable situa- 
tion due to the ever present hazards to that type of 
plant and the serious service interruptions that usually 
accompany a submarine cable failure. Recent local 
developments and major toll underground cable exten- 
sions, have made possible à partial change in this 
regard, although it will continue to be necessary 
in providing future additional service to install and 
maintain a large amount of submarine plant and 
equipment. 

In the advance planning of these submarine facilities 
attention is given to the judicious safeguarding of the 
plant and to the adoption of such operating methods 
and arrangement of circuits that will require a minimum 
number of submarine cables. As the volume of service 
over individual circuit groups and plant conditions 
permit, circuits previously interconnected at or switched 
through San Francisco, are otherwise routed. While 
the development of economies that may be antici- 
pated from a change in circuit routings is an important 
part in the advance planning of other parts of a 
telephone plant, as previously referred to in the 
fundamental plan activities, it is of major importance 
in the planning of toll circuits across San Francisco 
Bay. 

Many other and equally important features of 
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telephone long distance advance planning could be set 
forth in this discussion. Those of an electrical and 
mechanical character have been often presented in 
various forms and thereforehavebeen omitted. This has 
been done with no intent to stress the importance of any 
part of theactivities concerned with the advance planning 
of long distance service but more in an endeavor to set 
forth briefly certain fundamentals of the work that are 
not generally realized by those not connected with 
telephone work. While classed a branch of the electri- 


cal profession, telephone planning and operation com- - 


prehend important elements not at all electrical in their 
character. Electrical phenomena and their adaptation 
to the art of communication are essential features, but 
of equal importance is the solution of problems unre- 


lated to the electrical science. Successful management 
of a telephone company as a result of these circum- 
stances, depends in part upon the study and appli- 
cation of electrical accomplishment, in part upon 
the analysis and forecast of economic conditions 
prevailing and anticipated in the area being 
served with communication service, and in part 
upon the solution of mechanical -problems relating 
to the construction and maintenance of a plant 
structure, the whole combined to render an economic 
service and produce a fair return on the invest- 
ment. 


Discussion 
For discussion of this paper see page 20. 


TandemSystem of Handling Short-Haul Toll Calls 
In and About Los Angeles 


BY F. D. WHEELOCK: 


Associate, A. I. E. E. 


INTRODUCTION 


N telephone practise there are, broadly considered, 
two distinct methods of completing telephone calls 
between central offices, one by means of direct 

trunking and the other by means of tandem trunking. 
The fundamental difference between these two methods 
may be best obtained by referring to Fig. 1. It will be 
noted that direct trunking, as the name implies, re- 
quires a separate group of trunks from any one office to 
every other office, whereas tandem trunking provides 
for a single group of trunks from each office to a central- 
ized point, known as the tandem center or office, at 
which are means for switching together any desired 
combination of trunks. Under the direct trunking 
plan, 30 groups of trunks are required to interconnect 
completely the six offices illustrated, while under the 
tandem trunking arrangement only six groups are 
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Fig. 1—TRUNKING PLANS 


necessary. The tandem trunking plan has the ad- 
vantage that the trunk groups are comparatively large 
and therefore can be used more efficiently. It is 
obvious that the advantages of tandem trunking become 
very marked as the number of offices to be intercon- 
nected increases. 

A great many tandem systems are in operation today 
where the switching at the tandem office is done manu- 
ally. There are a few installations where a moderate 
amount of tandem ‘switching is done automatically. 
The first tandem trunking system to employ, on a 
large scale, apparatus for switching which is under the 
control of dials located at the various operators’ 
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positions tributary to the tandem office, was recently 
installed at Los Angeles to handle the short-haul toll 
traffic within a radius of approximately 40 mi. This 
system is known as a dial tandem system. 

It is the purpose of this paper to describe the Los 
Angeles dial tandem system. A brief description is 
first given of the telephone area of southern California 
and of the various methods which existed for completing 
short-haul toll calls, and is followed by a discussion of 
some of the considerations which led to the adoption 
of the particular type of tandem system in question. 
A detailed description is then given of the equipment 
employed at the tandem center and at the outlying 
points, together with a method of operation. | 

It should not be inferred that a system similar to the 
one installed in Los Angeles should necessarily be 
regarded as suitable for other large cities, as there were 
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certain conditions in this area, described later on, which 
made this type of installation particularly desirable. 


THE HANDLING OF SHORT-HAUL TOLL TRAFFIC IN THE 
AREA OF SOUTHERN CALIFORNIA PRIOR TO THE 
INSTALLATION OF THE DIAL TANDEM SYSTEM 


The portion of the area in southern California in 
which short-haul toll calls are handled is approximately 
300 mi. in length, along the Pacific Coast, varying in 
width from 5 to 100 mi., limited by ocean, mountain- 
ous eontour and desert stretches, extending from the 
northern Santa Barbara County line to the southern 
international boundary. This area of approximately 
24,000 sq. mi. is shown in Fig. 2 and consists of all or 
parts of the following California counties: 


Santa Barbara San Diego 
Ventura San Bernardino 
Los Angeles Riverside 
Orange Imperial 
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These eight counties increased in population from 
1,347,000 in 1920 to 2,412,000 in 1927, while the city of 
Los Angeles, alone, nearly doubled its population in 
the same seven years, from 6012,000 in 1920 to 
1,210,000 in 1927. 

There are 145 telephone exchanges in the area varying 
in size from less than 10 to more than 325,000 stations. 
The type of local equipment and number of offices in 
these exchanges are: 

42 Magneto manual offices 

20 Small common battery offices 

68 Large common battery offices 

57 Dial system (step-by-step) offices 

9 Semi-automatic offices (machine switching equip- 
ment controlled manually by means of 
operators). 

In addition to, and separate from, the local, there are 
one or more toll boards located at the following places: 


Alhambra Long Beach San Diego 
Anaheim Los Angeles San Pedro 
Corona Pomona Santa Ana 
Covina Oxnard Santa Barbara 
Downey Redlands Santa Monica 
El Centro Redondo Ventura 
Fullerton Riverside Whittier 


San Bernardino 

Notable outposts in our national telephone system, to 
which local toll calls to and from this area are completed, 
are Avalon, Catalina Island; Tia Juana, Mexico; and 
Mexicali, Mexico. | 

There is in the area, terminating at manual toll 
positions and at dial tandem equipment, a total of 
3148 toll lines and 3294 trunks representing 52,866 
circuit mi. of cable, 27,950 circuit mi. of open wire, 
and 1633 circuit mi. of telephone carrier. There are 
two toll offices in Los Angeles, one consisting of 222 
positions, handling both short-haul toll and long dis- 
tance calls, and a smaller office consisting of 96 posi- 
tions, handling short-haul toll calls, exclusively. 

Previous to 1919, short-haul toll calls in southern 


California were handled via toll switchboards with the — 


exception of those between Los Angeles, Glendale, and 
Pasadena. The latter calls were handled either by 
direct trunks or by tandem trunks. Following this, 
some dial equipment was made available in Los Angeles, 
Santa Monica, and Long Beach, which permitted direct 
calling from the Santa Monica and Long Beach toll 
boards to Los Angeles dial stations. Certain Los 
Angeles toll board positions were also arranged for 
direct calling of all Santa Monica stations. In 1924, 
three Los Angeles toll board positions were arranged for 
straightforward tandem trunking for handling a portion 
of the short-haul toll calls from Los Angeles to Alham- 
bra, Inglewood, Long Beach, Montebello, San Pedro, 
and Wilmington. In the same year it was necessary 
to make rather extensive provision of toll switehboard 
equipment to take care of the large amount of tributary 
toll traffic recorded in Los Angeles from Alhambra, 
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Arcadia, Burbank, Compton, Covina, Cresenta, 
Downey, El Monte, El Segundo, Gardena, Hawthorne, 
Hynes, Inglewood, Lankershim, Monrovia, Montebello, 
Owensmouth, Redondo, San Fernando, Sierra Madre, 
Sunland, and Torrance. 

It is apparent from the foregoing that a considerable 
number of channels existed for the handling and the 
completion of short-haul calls summarized as follows: 

1. Calls recorded at toll boards via: 

a. Toll board and ringdown toll lines, 

b. Toll board and limited toll line dialing 

arrangements, 

c. Tributary recording board and toll lines. 
2. Calls recorded at local boards: 

a. Direct trunks, 

b. Local tandem trunks, 

e. Straightforward tandem trunks and toll 
lines. 

1. Calls Recorded at Toll Board. 

a. Toll Board and Ringdown Toll Lines. 

On originating person-to-person ealls the subseriber's 
line was connected by the local operator first answering 
to a trunk terminating in the toll offices at segregated 
positions for recording the subscriber’s call. The toll 
ticket prepared there, was passed to a line position 
arranged for completing toll calls to outlying exchanges. 
The line operator then connected the calling subscriber 
over a special trunk known as a toll switching trunk to 
the called party over the ringdown toll line terminating 
at an inward position at the distant exchange. Number 
service calls made use of similar equipment, except that 
the recording trunk terminated in the toll office at a 
particular position arranged for both recording and 
completing. The toll line on inward calls, whether 
person-to-person or station-to-station, was connected 
by the inward toll operator directly to the subscriber’s 
multiple or over a toll switching trunk, to the called 
station. 

b. Toll Boardand Limited Toll Line Dialing Arrange- 
ments. 

Toll calls completed by the limited dialing ar- 
rangements were identically handled, and required 
equipment similar to that described in the preceding 
paragraph, except that the toll line dialing equipment 
permitted the operator at the originating end to dial 
and obtain the called station at the distant end without 
passing through the inward toll board. _ 

c. Tributary Recording Board and Toll Lines. 

The toll calls from nearby outlying points that were 
handled at tributary recording boards, terminated on toll 
line equipment at the toll center on positions arranged 
for recording and completing. The toll line was there 
connected over a toll switching trunk to the called 
station, or if the call was to another exchange the line 
was connected to another toll line terminating at an 
inward position at the distant exchange. 

2. Calls Recorded at Local Boards. 

a. Direct Trunks. 


EE E | 
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On an originating call completed over direct trunks, 
the subscriber’s line was connected by the local opera- 
tor first answering to interoffice trunk equipment 
terminating at a “B” position at the called office, and 
there was connected directly to the multiple of the 
called station. 

b. Local Tandem Trunks. 

On a call completed via the local tandem board 
the subscriber’s line was connected by the local 
operator to trunk equipment terminating in the 
tandem office. This tandem trunk was then con- 
nected to interoffice trunk equipment terminating 
at a "B" position at the called office, and there 
was connected directly to the multiple of the 
called station. If the called station was in a dial 
office, the calling subscriber’s line was connected by the 
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local operator to dial trunk equipment terminating on 
incoming selectors in a dial office in the called exchange 
and there through the local trunk to the particular dial 
office. 

e. Straightforward Tandem Trunks and Toll Lines. 

In the straightforward trunking the information 
necessary for completing the call is passed to the distant 
operator over the same conductors used for establishing 
the connection. On an originating call completed via 
the straightforward tandem trunk board the sub- 
scriber's line was connected by the local operator to the 
straightforward trunk equipment terminating at a 
position in the Los Angeles toll office. "This trunk was 
then connected to a ringdown toll line terminating at an 
inward toll position at the called office, and there was 
connected to the called station. 
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CONSIDERATION WHICH LED TO THE INSTALLATION OF 
THE DIAL TANDEM SYSTEM 


The abnormal demands for telephone service between 
cities and communities have more than kept pace with 
the growth in population. The facilities at times have 
been taxed to the limit and a few years ago it became 
evident that new methods of handling the short-haul 
toll traffic must be devised. The toll board method is 
adequate for long distance toll traffic, but a faster 
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method was required for moving the unprecedented 
Increase in short-haul traffic. 

The requirements for à more rapid and adequate 
method for handling the short-haul toll traffie have 
caused the telephone company to focus its efforts on 
furnishing short-haul toll service comparable to local 
service, and in 1923 a study was made of the application 
of tandem systems for handling the station-to-station 
traffic around Los Angeles. Step-by-step tandem and 
straightforward manual tandem systems were studied, 
both proving to be more economical and faster than the 
toll board method, the former being more economical 
than the latter. Decision to proceed with the Los 
Angeles tandem system project was made as soon as the 
results of the study were determined; and the engineer- 
ing work for specific installations was started 
immediately. 

In 1924, switchboard position equipment was placed 
in service in various Los Angeles central offices to care 
for the necessary manual services for dial stations which 
provided a practical means for handling short-haul toll 
calls originating from dial stations. In the same year 
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equipment was installed in all manual offices in order 
that dial stations could complete calls to manual stations 
in the same manner as calls to dial stations. This 
equipment is known as call indicator equipment and 
employs decimal switches and a bank of numbered 
lamps to record and display before an operator the 
number of the desired station. The operating features 
that these manual service positions and call indicator 
equipment provided, materially aided in reaching the 
decision to adopt the dial tandem system. 

The Los Angeles dial tandem system was gradually 
placed in service, starting March 30, 1926. It is 
designed to handle all of the short-haul toll traffic in- 
cluded within a maximum radius of approximately 40 
mi. from the tandem center as indicated in Fig. 8, 
except that which transmission and other considerations 
have prevented. 

It was initially arranged to handle all the number 
service traffic between metropolitan area exchanges, 
Culver City, Los Angeles, Pasadena, Glendale, and the 
following outlying exchanges: 


Alhambra Fullerton San Fernando 
Anaheim Gardena San Pedro 

- Arcadia Hawthorne Santa Ana 
Burbank Inglewood . Santa Monica 
Compton Lankershim Sierra Madre 
Covina Long Beach Sunland 
Crescenta Monrovia Torrance 
Downey Montebello Van Nuys 
El Monte Pomona Whittier 
El Segundo Redondo Wilmington 


'The sizes of these areas in stations at the first of each 
year from 1925 to 1929, actual and estimated, are as 
follows: 


p——Jd———— gon i d d: P 


Metropolitan area: 


Four Exchanges............ 293,577 |318,440 |352,634 |388,235 |419,585 
Outlying Area: 
Paciflc Co. Exchanges...... 23,803| 27,435| 31,646| 37,645| 42,620 


Connecting Co. Exchanges..| 51,206| 55,315| 62,646| 70,635| 79,120 
TOUR: sd SR CRT ara Bec are 368,586 (401,190 |446,926 496,515 '541,325 


Fig. 4 indieates the routes and miles of cable and 
 open-wire circuits between exchanges. 

In June, 1927, the system was expanded to handle 
number service between exchanges within the metro- 
politan area, and in addition, to handle about 95 per 
cent of the number service between exchanges in the 
outlying area. 

Under present conditions, the longest through con- 
nection practicable to establish over the tandem sys- 
tem is 55.7 mi. from office to office. 


DESCRIPTION OF THE TANDEM SYSTEM 


In general, the tandem system provides for a number 
of tandem trunks from the various offices in the tandem 
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area terminating on first selectors of the step-by-step 


type located at the tandem center. Each level of the . 


first selectors is wired to a group of second selectors on 
which are terminated completing trunks to the various 
offices served by the system. It will be noted that the 
use of first and second selectors will theoretically permit 
of reaching 100 different points, although practically 
this is somewhat limited because the first and zero 
levels of the first selectors are reserved for testing and 
special calls. As the system grows, third selectors can 
be introduced which will provide sufficient codes to care 
for the ultimate requirements. 'Two groups of first 
and second selectors are provided, one to handle calls 
from the outlying points to subscribers in Los Angeles, 
the other for calls from Los Angeles to subscribers in the 
outlying offices. 

A subscriber in an outlying office desiring a Los 
Angeles number, see Fig. 5, will pass to his local op- 
erator the desired number as listed in the Los Angeles 
city directory. The local operator will then select an 
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idle trunk to the tandem center and dial the number. 
If the call is to a dial system office, the first and second 
selectors at the tandem point will respond to the first 
two digits pulled by the operator to select the desired 
office. The remaining four or five digits, as the case 
may be, will be repeated on through the selectors and 
connectors at the terminating office to reach the proper 
called subscriber’s line. If the called station is busy, 
a busy signal will be given to the originating operator. 
If the station is idle, the subscriber’s bell will be rung 
automatically and upon the answer of the called party 
the supervisory cord lamp at the originating position 
will be extinguished as an indication to her that the 
ealled station has answered. The operation of the 
supervisory lamp by the called subscriber’s switch 
hook provides the originating operator with complete 
supervision and a visual means for timing the call. 
After the completion of conversation, the calling and 
called parties will restore the receivers to the hooks, 
thereby causing the supervisory lamps on both cords to 
be lighted. The originating operator will then com- 
plete the timing, remove the answering cord from the 
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subscriber’s jack and the calling cord from the trunk 
to the tandem system which will cause the automatic 
release of all switches involved in setting up the con- 
‘nection. If the call is to a manual office, see Fig. 5, the 
connection will be established in exactly the same way 
except that the desired number will be displayed on one 
of the call indicator positions in the terminating manual 
office. The call indicator operator will complete the 
call in the same manner as she would a local call. The 
supervision obtained by the originating operator is the 
same as that described above for a call to a dial system 
subscriber. On calls from a manual office in Los 
Angeles to one of the outlying points, the functions 
performed by the subscriber and the local operator will 
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be generally the same as that described above. On 
ealls from a Los Angeles dial system office to 
an outlying office, the subscriber will first dial zero to 
reach his local operator after which the call will proceed 
in the same manner as described above for a call 
originating in a manual office. If the outlying point is 
a dial system office, the call will be completed in the 
same manner as described for a call from an outlying 
office to a dial system office in Los Angeles. If the call 
is for à manual outlying office, however, it will be 
completed by a straightforward operation; that is, 
the operator in Los Angeles will first dial the proper 
code to select a trunk to the desired outlying office. 
As soon as the trunk is seized, a signal will be displayed 
on the trunk before an incoming position. The in- 
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coming operator at the outlying office, upon answering 
the call, will automatically place a momentary tone on 
the connection which will indicate to the first operator 
that the incoming operator is ready to receive the 
desired number. The incoming operator, upon re- 
ceiving the number, will complete the call to the desired 
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subseriber by selecting the proper line jack in the 
manual switchboard multiple. As in the description 
of previous calls, the local operator in this case will 
also have complete supervision over both the calling 
and called subscribers. 

The equipment required at an outlying office to 
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provide the above described operating features consists 
in providing a sufficient number of tandem and com- 
pleting trunks with their associated terminal equipment 
to handle the peak load of the traffic. The operator’s 
cord circuits are modified so that her position dial can 
be associated with any cord; or in cases where the 
volume of traffic is relatively small, a cheaper arrange- 
ment, consisting of the provision of a dial cord, would 
be installed. It would be well to mention here that no 
equipment of this nature was required for the Los 
Angeles manual offices. These switchboards had 
already been modified for dialing and for call indicator 
operation in order to provide a suitable method for 
completing calls to and from dial system. offices in the 
local metropolitan exchange area. If these modifica- 
tions had not been made, the economies of the machine 
switching in preference to manual straightforward 
tandem operation might be questionable. Figs. 6 
and 7 show the local operator’s switchboard equipment 
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at the tandem office and 4000 selectors are required to 
do the switching. 

The group of switches designated short-haul system 
performs the same functions as the group designated 
long-haul system except that it provides for the comple- 
tion of calls to and from certain of the neighboring 
points to Los Angeles. The purpose of providing the 
so-called short-haul group is to permit of the use of 


‘small gage conductors on trunks which carry a relatively 


high volume of traffic between Los Angeles and outlying 
offices within approximately a10-mi.radius. Asanillus- 
tration of the economy of this arrangement, it would be 
necessary, if all calls to Pasadena were completed through 
asingle group of tandem switches, to provide approxi- 
mately 150 16-gage conductors in order that calls from 
Santa Ana, for example, wouldreceivesatisfactory trans- 
mission, althoughsuch callsarerelatively few as compared 
with the total volume of traffic to Pasadena. By providing 
a separate group of selectors, known as the short-haul 
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and the tandem relay repeating equipment for seven 
outgoing and nine incoming phantomed trunks for the 
Hawthorne, California, office, which is typical of the 
outlying manual offices served by the tandem. 

Fig. 8 gives a general view of the tandem equipment 
at Los Angeles. The floor plan layout of the equipment 
is shown in Fig. 9. On the left-hand side are the 
first and second selectors, pulse repeaters, distributing 
frame and outgoing secondary switches for completing 
calls to and from the more distant points; on the right- 
hand side the first and second selectors and pulse 
repeaters for completing calls to and from the nearby 
points are served by the tandem system. The first 
group, as noted on the sketch, is designated for con- 
venience as the long-haul system and the second group 
as the short-haul system. These terms are merely 
equipment group designations and it should not be 
inferred that the two groups are provided for handling 
two types of traffic. A total of 2500 trunks terminates 
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Fig. 9 


system, 20 conductors of 16 gage would be required 
on the long-haul system, whereas the remaining 130 
trunks to Pasadena from the selectors of the short-haul 
system are of 19 gage and entirely satisfactory for the 
transmission requirements of the calls which it handles. 
The annual charges on 16-gage conductors per mile are 
approximately two times those for 19 gage. 

A description of the selectors employed in the tandem 
system at Los Angeles is not required as they are of the 
well-known standard step-by-step type and are wired 
together in accordance with standard practises except 
that a cross-connecting frame is provided between 
selectors in order that the system will lend itself readily 
to expansion or other necessary rearrangement which 
may be brought about by future changes in traffic 
conditions. 

The power for operating the various selectors, pulse 
repeaters, and out-trunk secondary switches is obtained 
from the power plant of a standard step-by-step dial 
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system central office located in the same building as 
the tandem equipment. At a number of the outlying 
offices it was necessary to add cells to the battery in 
order to raise the voltage to 48, which is required for the 
proper operation of the circuits. 

The pulse repeaters which are used on both the in- 
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The associated composite and repeating coils are shown 
mounted directly above the repeater relay equipment. 
It is the usual practise in engineering toll telephone 
equipment to mount the composite and repeating coils 
together with their associated condensers on separate ` 
frames and wire this apparatus to test jacks on the toll 
testboard. Such an arrangement will provide a rapid 
means for replacing defective apparatus which may have 
rendered an expensive toll line inoperative. It was 
decided in the engineering of this installation to forego 
some of this flexibility since the toll lines involved did 
not exceed approximately 40 mi. It was, therefore, 
practical to associate the composite and repeating. coils 


. on the same frames as the relays, an arrangement which 


effects considerable economy in floor space, mounting 
racks, and cabling, and also facilitates maintenance. 
The results of the operation of the tandem system with 
respect to maintenance, apparently justify our engi- 
neering decision in this respect. 

In cases where large groups of trunks were required 
to handle traffic, such as between Long Beach and 
Los Angeles, considerable economy was effected by the 
use of outgoing trunk secondary switches. "These. 
switches perform the same function as the standard 
primary and secondary line switch arrangement em- 
ployed in step-by-step dial system offices, the theory of 
Of 
course, in the case of the tandem system the economies 
are somewhat more marked, due to the fact that the 
trunks involved are considerably more expensive than 
the trunks which are saved by the use of secondary line 
switches in local step-by-step office practises. 

Where phantom trunks are not used, the pulse re- 
peaters are the same as those employed between local 
Los Angeles offices. 

Referring now to the operating features of the princi- 
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coming dad outgoing trunks from the tandem and out- 
lying offices to repeat dial impulses from one section 
of the circuit to another are new both with respect to 
circuits and to the association of various pieces of 
apparatus required in circuits. Fig. 10 shows the 
typical layout of a pulse repeater frame for phantom 
trunks. The relays of the pulse repeater are mounted 
on a removable base and covered as a protection 
against dust in the same manner as standard equipment. 


pal circuits involved in completing a call through the 
tandem system, see Fig. 11 which illustrates a typical 
circuit at an outlying manual office used in a call to a 
Los Angeles dial system subscriber. Particular at- 
tention will be given to a description of the novel 
dialing and signaling arrangement for phantom trunks 
and to the pulse correcting device of the incoming 
pulse repeater circuit. : 

~ When a calling subscriber in an outlying office lifts 
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his receiver to originate a call, a circuit is closed from 
battery through the line relay on the contacts of the 
station switchhook. The resultant operation of the 
line relay closes a circuit to light the line lamp appearing 
before the operator who answers the call by inserting 
a plug of an answering cord into the subscriber’s jack 
associated with the lighted line lamp. This closes a 
circuit. by way of the sleeve of the answering cord to 
the cutoff relay in the line circuit, causing it to operate 
and disconnect the line relay from the subscriber’s 
line, opening the lamp circuit, and extinguishing the 
line lamp. Battery is fed from the cord circuit re- 
peating coil to the subscriber’s set to energize his 
transmitter, and the calling supervisory lamp is under 
the control of the station switchhook. 

The operator then obtains the desired number from 
the calling subscriber and if the number is in a local 
dia) system office in Los Angeles she will select an idle 
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Composite sets and phantom coils. Relays compensated for ground 


potehtial difference, simplified circuit. 


trunk to the Los Angeles tandem office and insert therein 
the other end of thecord which she has used to answer the 
calling subscriber. Plugging into the outgoing trunk 
jack closes the circuit of the sleeve relay in the trunk 
to battery on the sleeve of the calling cord. The 
resultant operation of the sleeve relay, designated S L 
on the sketch, closes a circuit from ground through the 
winding of the S relay to battery on the ring conductor 
of the trunk. Relay S operates and locks on ‘its own 
front contact, closing a circuit to operate the P relay and 
apply battery to the midpoint of the differential winding 
of the C X relay. Relay S also applies battery to the 
winding of the A relay which does not operate at this 
time. 

The operator in dialing pulls the dial off normal, 
closing its off-normal contacts and operating the dial 
relay to associate the dial with the calling cord. The 
operation of this relay disconnects the repeating coil 
from that end of the cord and connects ground through 
the pulsing contacts of the dial to the tip conductor and 
ground through the off-normal contacts to the ring 
conductor of the cord. This latter application provides 
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an operating ground for the A relay in the trunk, whose 
principal function is to connect the P relay to the tip 
conductor so as to prepare it to receive the pulses from 
the dial. The P relay repeats the pulses to a relay, 
corresponding to the C X relay of the trunk, in the 
Incoming repeater at the tandem center, at the same 
time not affecting the C X relay in the trunk, which is 
used to receive a signal upon the answer of the called 
party and so extinguish the lighted supervisory oe in 


the calling cord. 


This two-way signaling feature, i. e., pulsing in one 
direction and supervising in the other, over a single wire, 
is accomplished by an application to telephone signaling 
circuits of the familiar duplex principle of telegraphy. 
This application makes possible the use of phantomed 
trunks from the outlying points to the tandem center 
with accompanying economies in outside plant. 


These trunks, as shown in Fig. 12, are provided with 
phantom coils and simplified composite sets, through 
which the four metallic leads of the phantom group are 
brought out to duplex relays. All of this apparatus is 
interposed on these trunks between the regular out- 
dialing trunks, already described, and the incoming 
pulse repeaters at the tandem center. 


Referring to the diagram, the action of an out-trunk 
circuit when picked up by an operator is to furnish 
battery instead of ground to the lead designated S on 
the particular channel selected. The resultant battery 
flow passes to the midpoint of the differential winding 
of the duplex relay and there divides in equal parts, one 
part passing by way of one-half of the differential 
winding over the line to the distant relay at the tandem 
center and the other part passing through the other 
winding and through an artificial network of electrical 
characteristics similar to the line attached to the other 
winding. These two current flows, being equal in 
strength, produce equal magnetomotive forces opposite 
in direction which have no effect upon the relay. 
That part of the current, however, which has passed 
over the line flows through the two windings of the 
distant duplex relay to ground through its associated 
artificial line and through the two windings of the relay 
in an aiding direction, operating this relay to actuate 
the repeater circuit and so pick up an incoming selector. 
Pulses from the operator’s dial, therefore, will control 
this distant duplex relay, which in turn sets up the 
connection through the tandem system in the usual 
way. 

On the answer of the called party, the incoming pulse 
repeater furnishes battery instead of ground to the lead 
designated S, which flows in opposite directions through 
the duplex relay windings, one part through the 
artificial line and the other over the line, through the 
two windings of the duplex relay at the outlying point. 
The operation of this relay retires the operator’s 
supervisory lamp in the calling cord, indicating to her 
that the called party has answered. 


Sept. 1927 


At the completion of conversation, the hang-up of the 
called station causes the incoming selector to remove 
battery from the duplex circuit, releasing the C X 
relay which lights the supervisory lamp associated with 
the calling cord as a disconnect signal. The disconnect 
of the operator removes the battery from the lead S, 
thereby releasing the distant duplex relay, which in 
turn releases the switch train. 


A similaroperation takes place when the phantom chan- 
nel, designated “Trunk 2," in Fig. 12, is selected by an 
operator. 
second wire of the first metallic pair. For the other 
side circuit, designated ““Trunk 8, "the signaling is done 
over one of the wires of the other metallie pair. "This, 
it will be observed, utilizes but three wires of the four 
in the phantom group, allowing the use of the fourth to 
overcome any effect on the signaling relays which might 
be occasioned by current flow due to adverse ground 
potentials. This is accomplished by adding to each of 
the duplex relays a third winding, all connected in 
series by means of the fourth lead. Any ground 
potential difference between the two ends of the circuit 


To Line 
ee oe 


| a _ L 
: F B 
rome [isum reg! i 
E rt SO [I Nm a | = 
ze ere 


To Phantom’ 
Trunk 


Ground Potential ~~ 
Neutralizing Winding 


Fic. 13—Incomine PULSE REPEATER 


2 With pulse corrector simplified circuit 


which might cause current to flow through the differen- 
tial windings of the duplex relays will be neutralized in 
effect by a similar current flowing through the com- 
pensating windings over the fourth wire. 

The incoming pulse repeaters into which the duplex- 
composite circuits work have embodied in them a 
means for correcting for the distortion of dial pulses 
due to line characteristics. The use of this feature in 
the incoming repeaters makes it feasible to provide 
reliable service over longer trunks than has heretofore 
been practicable and so embrace in the system as many 
towns within the wide range of the tandem area as 
are economically warranted. 

When the trunk is selected by an operator at an out- 
lying point, the C X relay of the incoming repeater at 
the tandem center shown in Fig. 13 is energized, as has 
been explained. This relay operates the A relay of the 
incoming repeater directly on its front contact, closing a 
circuit to operate a “slow operate" relay C and a 
“slow release” relay B in series. The latter relay 
closes a circuit to operate the K relay which locks, 
operated on its own front contact through a back 
contact of the J relay. The K relay also closes a circuit 


The signaling, however, is done over the: 
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to operate the H relay which opens the original operat- 
ing circuit of the K relay and closes on the contacts 
designated P, a bridge across the inside terminals of » 
the repeating coil consisting of resistance F and relay E 
in series. | | 

Current from the first selector of the tandem train 
flows through this bridge operating the A relay of the 
first selector in the usual way. Relay E is not affected 
by this current flow since it is polarized to operate on a 
current in the reverse direction. 

At the first pulse from the operator's dial at the 
outlying point, the cireuit operating the C X relay is 
opened, causing the release of that relay. The A relay 
in turn is released, opening the circuit through the C 
and B relays. The former releases, and being slow to 
operate, remains released during the train of pulses 
following, while the latter, being slow to release, remains 
operated during this time. On its other back contact, 
the relay A grounds the condenser A through the resis- 
tance B. | | 

On the opening of the circuit at the first pulse, 
nothing occurs in the repeater to affect the condition 
of the associated first selector. On the closure of the 
circuit at the end of the first pulse, a pulse of measured 
length is sent to operate the first selector as follows: 

The operation of the C X relay closes the cireuit to 
the A relay which connects the discharged condenser | 
A to battery through the winding of relay J. On the 
short surge of charging current the relay J momentarily 
operates, opening the locking circuit of the K relay, 


causing it to release, and open the contacts designated P 


to start the first pulse to the selector: "The release of 
the K relay also opens the circuit to the winding of the 
H relay which, when released, establishes the original 
operating circuit of the K relay, which operates to close 
the P contacts completing the pulse and to lock through 
the now restored back contaet of the J relay. 

The length of the pulse to the first selector is deter- 
mined by the release and operate time of the H and K 
relays, respectively, thus correcting for any distortion 
of dial pulses due to line characteristic. 

Sueceeding pulses of the first digit and following 
digits are repeated in like manner to the selectors of 
the tandem train of switches, and through an outgoing 
trunk repeater to the switch train of the local office, 
to select in the manner well known in step-by-step 
practise, the terminal of the called line. 

Upon the answer of the called subscriber, the battery 
flow from the tandem switeh train to the incoming 
repeater is reversed, operating the polarized relay FE. 
The midpoint of the differential winding of the C X 
relay is thereby changed from ground to battery, 
causing, as previously outlined, the operation of the 
C X relay in the outgoing trunk at the outlying office 
and the subsequent extinguishing of the calling super- 
visory lamp. 

At the completion of conversation the current flow 
through the E relay again reverses, causing the release 
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of the relay and lighting of the distant supervisory lamp 
asa disconnect signal. The disconnection by the opera- 
tor releases the C X and A relays, opening the circuit to 
release the B and K relays. The opening of contact P 
of the K relay restores the switches of the tandem train. 

Where the trunks outgoing from the tandem office 
terminate in local manual offices equipped with call 
indicator completing positions, a pulse repeater is 
provided to repeat the decimal pulses directly to the 
call indicator display apparatus. This apparatus is 
substantially the same as that in use in panel dial system 
offices which has been described in early papers on the 
panel system?. 

Trunks outgoing to manual offices not equipped with 
call indicator are operated by what is known as the 
straightforward trunking method. This method em- 
braces most of the offices in the outlying towns which 
connect to the tandem system, and a simplified diagram 
of one of the types of trunk circuits is shown on Fig. 14. 

When the trunk is selected at the tandem point, the 
outgoing repeater sends battery over one of the wires 
of the phantom trunk group, in a manner similar to 
that already described for the outgoing trunks, to cause 
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the relay C X to operate, lighting the guard lamp 
through a chain of relays to appraise the operator of a 
waiting incoming call "The operator answers by 
operating the talking key on the completing trunk, 
bringing into play apparatus in her telephone cireuit 
which sends a momentary tone to the calling operator, 
to advise her that the completing operator is ready to 
receive the call. She then plugs the completing cord 
into the multiple jack of the line desired. 

The sleeve circuits of the cord and line are closed, 
operating the cut-off relay in the line to remove the 
associated line relay and setting in operation the 
machine ringing apparatus in the cord. 

When the called subscriber answers, machine ringing 
is tripped and the circuit closed through to the repeating 
coil in the cord. Battery through the repeating coil 
flows over the line to energize the station transmitter 
and operates the series supervisory relay S. "This relay 
in operating places battery on the midpoint of the 
differential winding of the C X relay, causing the C X 
relay in the outgoing repeater to operate, and by means 


2. Paper by Craft, Morehouse, and Charlesworth, A. I. E. E. 
Trans. Vol. XLII, 1923, p. 187. 
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of a reversing relay, reverse the battery flow through the 
tandem switch train to the incoming repeater. As 
already described, this results in retiring the calling 
supervisory lamp at the originating office. 

At the completion of conversation the hang-up of the 
calling party lights the calling supervisory lamp as a 
disconnect signal and the called party's hang-up lights 
the other supervisory lamp. The disconnect of the 
originating operator releases the tandem switch train, 
in turn releasing the outgoing trunk and lighting the 
disconnect lamp through the back contact of the now 
restored C X relay at the completing position. 


PLACING THE TANDEM SYSTEM IN OPERATION 


With the introduction of the dial tandem service came 
many interesting problems. As in most cases where 
communities are joined together by new communica- 
tion methods, the various interests and general view- 
points of those concerned present an interesting and 
difficult problem to solve on a mutually satisfactory 
and equitable basis. The area includes 12 connecting 
companies which were using five different makes of 
equipment. The two larger of these included one ex- 
change of 28,000 stations and another of more than 
13,000 stations, both of which originated a large amount 
of toll traffie in proportion to their size. In addition 
to providing new equipment and rearranging existing 
equipment at the outlying points, it was necessary to 
instruct the local operating force at each place in the 
proper operation and maintenance of their equipment 
in order to obtain the desired service results. 


In order to acquaint the operators with the tandem 
system, a number of bulletin cards with the names and 
codes of offices was prepared and placed on each posi- 
tion handling tandem calls. Information and instruc- 
tions as to whether the tandem code together with the 
subseriber's number or only the code should be dialed 
in passing the order to the completing operator, also 
were included. The accompanying table shows one of 
thesebulletins. Very littleeducational work wasrequired 
in the training of the operators in Los Angeles as they 
were already accustomed to dialing. The straightforward 
completing feature of the tandem system was quite like 
the manual straightforward tandem system already in 
operation. Considerable training was done in the 
outlying offices, however, as many of the operators were 
not accustomed to dialing and in some cases were not 
familiar with the requirements in the proper handling 
of short-haul toll traffic. A brief description of the 
tandem method of operation was prepared for each 
outlying town, which was discussed with the super- 
visory officials who presented the problem to their 
forces. The questions and answers presented in these 
conferences resulted in a knowledge of the system as well 
as the details of the operators’ work being known to the 
operating forces before service was started. In estab- 
lishing the many routes which were made effective with 
the opening of the tandem system, it was essential that 
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Complete by name or number 


Fire Department Fitzroy 3131 | Without charge 
Emergency Hospital Information 

FAber 1441 | Repair Clerk 
Receiving Hospital Wire Chief 
Police Department MEtropolitan 6100 | U. S. Long Distance 
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Complete by number 
Without charge 


113 | FAber 9000 to FAber 9999 


Sheriff's Office TRinity 9111 | Pacific Long Distance 
Paciflc Telegraph 
Telephone Company 
NUMBER SERVICE 
Initial 
Name Abr. Route-Code| Rate 
Alhambra3....5.. 6 ER Se eS sr sir Ge Alh I H-21 10c 
Añahoihi sisenes bono 6 So ee EP DRESS Anhm | LH-42 25c 
ArTCadiA....co uv wa v doeTd ams A-B-T 15c 
BIB as oto e te ator sae ds Pd ERE 2s 
Burbank... 2.224 eren? Ceobwe se does Brb LH-32 10c 
Chio. eosina REEF SEA VIDE CN ES 2 # 
Glaremont..olil.£ww-»x kae UR RS Clmt 2s 25c 
Colorado... Soin ed ands E EU RE Nie Col Stf 10c 
Compton... 26e» m uo SESE Comp LH-30 10c 
OOVIBA oor zh ERU PE eC RE Cov A-BT 20c 
OLCSCODTE PCT Crsn LH-46 10c 
Quiver Cley okies REC RR We Clv A-BT 10c 
DOWNY «sie ve) a pt we dew eke Dny 2 # 
Wares cR CT even es A-BT-Mon 15c 
RIMODUO Leu EE DIE SE E YS NER EI-Mt | LH-23 10c 
ElSegundo..............- eee ElSg LH-24 15c 
Daks p SeeeReeuuees Fo Stf (Col) 10c 
Hullertoti...... 2. 202r ts we Ful LH-43 20c 
Gardena... a ee Me gor eee n Gard LH-25 10c 
Garden Grove............. eee n 2 # 
Glendale 5.26.6 v. uer Sn eo Gin C.C. 10c 
Hawthorne............eccee ee sence Hthn LH-47 10c 
Huntington Bch............... ee nnn HtBch 25 
Fiyné8...... 0 4 34 BR R ER enc 25 
InglewooQ..... oer rh) hes Ingl A-B T 10c 
LankershilIm........... eee eee nn Lank LH-36 10c 
IE CRUS PT ck ok eS Cie ee we La V 2s l 
IP oso —————— Lta 28 


*To these points the subscriber’s number must be dialed ln addition to the code 
On Calls by Name to Offices Underlined in Red Advise the Calling Party that the Call Should be Given to U. S. L. D. 
On Calls by Name to Offices In Red Advise the Calling Party that Particular Person Calls are not Accepted 
On calls by name to offices in black connect the calling party with long distance 


25e “5 “ 30c 35c 40c 45c 


means be provided so that customers might easily obtain 
telephone numbers in other exchanges and the neces- 
sary routines were established to accomplish this. 

A seriesof tests of equipment was made at the outlying 
offices where limits were severe. These tests included di- 
aling and signaling from minimum to maximum limits 
with respect to line leakage and line balance resistance, 
relay adjustments, and voltage variation. The amount 
of cross-talk and audible interference from dialing and 
signaling was determined. On open-wire routes, par- 
ticular attention was directed to line leakage and 
balance of composite sets located at the cable junction. 
When placed in service, each cut-over operation was 
limited to trunks in one direction only and, as far as 
possible, but one office was brought in at a time. 
Thus, the change from the toll board to the dial tandem 
method was carried out in an orderly manner with the 
least possible confusion to and reaction on service. 


Computed Charges 


5.1 to 6.1 to 7.1 to 8.1 to 9.1 to 
Initial rate 6 min. 7 min. 8 min. 9 min. 10 min. 
10c for 5 min. 15c 15c 15c 20c 20c 
150 “5 “ 20c 20c 25c 25c 30c 
200 “5 “ 25c 25c 30c 30c 35c 


114 | All Offices 0000 to 0009 
117 
118 
110 
FAber 9045 
FAber 9060 
INFORMATION 
f Initial 
Name Abr. Route-Code | Rate 
Long Boach......... 2. enr ys L Bch | LH-52* 20c 
MOBOld. co os doo Ra E Pe OR PIE LH-25-Gard 10c 
NIonrovid.. a doe EAE XO Ei XA Mon A-B T 15c 
Montebello ooo... ccc ec eee eee Mont | LH-37 10c 
INOG@whall 36 25 sews ste seee rss eceueks 25 
Niagara, "XE Nig Stf (Col) 10c 
juo d —— RR Org 2s 
Owensmouth.............. ee enn nnn Omth |A-BT 20c 
Placentia. s. oen CY ERE ERE Roe Plac 2# 
POMONG 4 2.63550 veras Rd EE a o qud Pma 2# 
Redondo. eoru easi LRPHESTQ YE Rdn A-B T 15c 
San Dimas: T ——————— S Dms 25 
San Fernando............... eee eene S Fdo | A-B T 20c 
San Gabriel................. eere LH-21 10c 
Sau Podio cec 222a ub eU SP LH-41 20c 
Santa AG oss dhs a ate oe Ahk oe RR S NE EM S Ana | LH-44 25c 
Santa Monica............. een S Mon | LH-53* 15c 
Sierra-Madre............. cere rn S Mdr | A-B T 15c 
clip POE ae en Stg Stf (Col) 10c 
Suniand. cid Boe Sai Sak epe E Gora A-B T 15c 
Terrace . o i ve ve eoe RU DRE E EDEN É Ter Stf (Col) 10c 
TOELFADCeO viv VER RR sad ie s EE Tnce A-B T 15c 
Tustun... dee Voi Sat e MA a QE A Ede wees 2 & 
Van NUYS....u owe ir Rr Rr. AT bese V Nys | LH-39 15c 
Wakefield |... ee. cee eee "m Wak | Stf (Col) 10c 
Whittier... cssc hear WE raw Ry ce RAE . Whtr | LH-54* 15c 
WIRnmiDgiOon......:.2.4 9: aet uw Wlmg |} LH-45 20c 
10.1 to 11.1 to 12.1 to 13.1 to 14.1 to 
11 min. 12 min. 13 min. | 14 min. 15 min. Overtime rate 
20c 25c 25c 25c 5c for ea. 3 min. 
30c 35c 35c 40c 40c oc “ *9 * 
35c 40c 40c 45c 45e pe 2 s 
55c 60c 65c . 70c 75c 5e S OSS 


In some cases, a few trunks only were placed in operat- 
ing condition several days before actual service was 
established over the route in order to give the operators 
preliminary training during their regular work. Main- 
tenance routines and practises were issued sufficiently 
In advance of the cut-over so that practically no difficul- 


ties were experienced in ‘equipment failures. Very 
close cooperation was necessary between the equipment 
and traffic engineers and the cut-over field forces of the 
Traffic and Plant Maintenance Departments. The 
schedule of cuts was thoroughly coordinated and the 
people who were finally charged with the responsibility 
of operating and maintaining the system were well 
trained. | | 

It was originally planned to cut-over all the offices 
involved during May, 1926, and in addition, to intro- 
duce number service to other points within a 40-mi. 
radius of Los Angeles. With the completion of the 
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installation at the tandem office in March, it was found 
possible to start service earlier to most of the offices 
handling a comparatively large volume of the traffic. 
A sequence cut, therefore, was planned which would 
permit the tandem system to carry the traffic gradually, 
avoiding any too abrupt change in operation or labor 
requirements in the various offices. The actual cut- 
over of the initial equipment comprised a period of 
nearly two months. Following this, other exchanges 
have been given the service from time to time, tem- 
porary equipment being replaced with permanent, so 
that there now remain only six points originally planned 
for the tandem system that are not actually receiving 
its full benefit. These exchanges are Arcadia, Covina, 
Pomona, Redondo, Sunland, and Torrance. The most 
recent cut-over of magnitude in this connection was in 
June, 1927, when Pasadena was changed from manual 
to dial operation. At this time a tandem center was 
established serving Pasadena exchange with direct 
connections to four Los Angeles offices and to the fol- 
lowing outlying exchanges: Alhambra, Arcadia, Cres- 
centa, Glendale, Monrovia, and Sierra Madre. 


Discussion 


ADVANCE PLANNING OF THE TELEPHONE TOLL 
PLANT IN LONG-DISTANCE COMMUNICATION 
(CHAMBERLIN) 


TANDEM SYSTEM OF HANDLING TOLL CALLS IN 
AND ABOUT LOS ANGELES 
(JACOBSEN AND WHEELOCK) 
DeL Monte, CAL., SEPTEMBER 14, 1927 

M. R. Sullivan: Speaking as a telephone traffic engineer, I 
should like to endorse what Mr. Chamberlin has said with 
respect to the traffic features involved in advance planning of 
telephone toll plants. 

Traffic in the telephone industry takes the form of elephótie 
ealls or messages and since the plant is provided for the purpose 
of transmitting messages, the traffie features—the volume of 
traffic, the character of the traffic, the routing of the traffic, and 
the manner of handling of the traffie—are of controlling impor- 
tanee in the determination of the size and type and arrangement 
of the plant to be provided. 

Mr. Chamberlin has outlined the important funetion of the 
commercial surveys in forecasting telephone developments with 
respect to growth in the number of telephones and their distri- 
bution by area, and by elasses of telephone service. 


Of equal importance are the forecasts of telephone calls per 
telephone. Telephone usage per telephone—particularly toll 
usage—does not remain constant year by year, but varies with 
business activities, and is subject to other influences, so that in 
the advance planning of the telephone toll plant it is necessary to 
give very careful study to the trend in the usage per telephone. 

During the past few years, and especially during the last one 
or two years, there has been a marked trend upward in the toll 
usage per telephone. Many influences, no doubt, have played 
a part in this greater usage of the service. A feature of outstand- 
ing importance in this increase in toll usage lies, undoubtedly, in 
the results secured through various improvements which have 
been made in the toll service. For example, transmission within 
the last few years has been materially improved. It is easier 
to carry on intelligible conversation over the circuits, and that, 
of course, has had an effect upon the amount of toll business 
offered. In addition, the speed of handling the calls, and the 
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convenience with which the call can be placed, has materially 
improved. 

Up to a year or so ago, for a long-distance call, the calling 
party had to give details of the call to the long-distance operator, 
hang up the receiver, and later be called back when the connec- 
tion was ready, or when a report on the call was obtained. This 
manner of handling a toll call required five or six minutes. 


Today by giving the number desired to the long-distance 
operator, the chances are about nine to ten that the call will be 
completed immediately and without the necessity of even hanging 
up the receiver. The convenience of placing calls and the 
improved speed which this change has brought about has an 
effect in stimulating the number of toll calls offered. 


Another recent change of considerable importance in the 
handling of toll calls is the proportion of calls handled by the 
"exchange operator." When I say exchange operator I refer to 
those completing connections from one telephone to another in 
the same exchange. The easiest way of placing a toll call is for 
the party calling simply to give the number of the desired .call 
to the exchange operator, in the same manner as for a local 
connection. This method also produces the fastest service. 
For many years, large numbers of the toll calls have been handled 
by this method but of recent years there have been developments 
which greatly extended the range to which this most desirable 
of operating methods ean be applied. | 

One of the developments is the improved tandem system of 
routing toll calls, which Mr. Wheelock has described. The 
result is that today a very much larger proportion of the toll 
calls is handled by this method. Take the exchange of 
Monterey; something like 48 per cent of all the toll calls originat- 
ing at this exchange are handled by the exchange operator; 
whereas two or three years ago none of the toll calls was so 
handled. This improved method, therefore, has had application 
not only at the large metropolitan exchanges but also at the small 
exchanges. 

I think it might be said that, like the automobile industry, the 
telephone toll business is constantly producing a bigger and 
better service; and in the advance planning of the toll plant, it is 
necessary to foresee the further improvements which will be 
made in the toll service and the effect these improvements will 
have on the volume of toll business offered and the size of the 
plant required. 

R. C. Barton: Mr. Chamberlin’s paper makes clear 
certain high lights of technic of the telephone business, and why 
universal and uniform telephone service is a natural objective. 

As he has pointed out the value of the service to those who 
have it is increased by each addition to the system. Universal 
service, therefore, becomes a strong objective. He has indicated 
that the service must satisfy the party called as well as the calling 
party, so that service from the customer’s viewpoint is demanded, 
and that calls for uniformity and standardization. 

The paper brings out three important and distinctive charac- 
teristics of the telephone plant. One is that there is a very great 
multiplicity of lines and associated apparatus; another, that 
each line must be electrically smooth and stable in its operation; 
and the third, that the character of the telephone plant is con- 
tinuously and rapidly changing. 

In regard to this great multiplicity of lines exclusive use of the 
lines between parties is, to some extent, obviated in the toll- 
plant through the use of phantom circuits and carrier channels; 
however, Mr. Chamberlin’s description of the San Francisco- 
Sacramento toll cable shows that multiplicity of lines is a strong 
characteristic of the telephone plant. This is more pronounced 
in the exchanges where the lines provided in one office district 
may be of the order of 100,000 and the conductor footage of the 
order of hundreds of millions. 

Stability and smoothness are required in the electrical charac- 
teristics of the lines because of the complicated wave pattern 
which must be faithfully transmitted. The effect of rapid change 
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may be appreciated by considering the condition produced when 
it becomes necessary to throw all the wires on a 50- or 60-wire 
toll line into cable. 

These distinctive characteristics of the plant and of the 
service are largely responsible for the special engineering, con- 
struction and maintenance practises which are followed in the 
telephone art. One of the practises which receives very special 
emphasis has been made the key-note of Mr. Chamberlin’s 
paper. It touches those activities which have to do with the 
study of the field of operations with respect to potential telephone 
development and the preparation of well matured plans, looking 
far to the future, to serve as a guide in the orderly placing of the 
plant. 

Now the nature of the problem also requires another kind of 
advance preparation which takes the form of engineering, con- 
struction and maintenance handbooks. These are prepared to 
relieve the engineers of much of the work they would have if 
each job were designed from the ground up at the time it was 
being planned. These handbooks also insure the orderly plac- 
ing of the plant in accordance with practises which have received 
nation-wide study and application. 


It may be of interest to indicate something of the extremes to 
which it is desirable to go in such activities. 


As one illustration, The Pacific System maintains a supply 
catalog which is available to all interested employees, and this 
catalog lists all materials, tools, and apparatus used in the con- 
duct of their work. It is profusely illustrated and comprises 
about 500 letter-size pages. Among the items listed in this 
catalog are the handbooks previously mentioned. There are 75 
of these devoted to the subject of construction methods alone, 
and some 100 supplementary leaflets affecting these. The con- 
struction methods handbooks cover such subjects as pole-line 
placing, underground conduit construction, guying, aerial-cable 
placing, ete. To the subject of aerial-cable placing alone, 120 
handbook pages are devoted. "These are well illustrated, and 
this book is typical of the others. Illustrative of the engineering 
handbooks is one on pole-line design. With this book, the 
engineer may quickly and easily determine the class of pole to 
select for any set of conditions, such as service value of the line, 
wire and cable load, temperature, wind and sleet conditions, span 
length, ete. Illustrative of the maintenance handbooks is one 
devoted to pole-line replacement and reinforcement inspection. 
This handbook prescribes the methods to be used in making 
inspections and includes tables of minimum ground-line circum- 
ference below which poles under the various conditions of load, 
service value, ete., are not permitted to go. 

I should like to endorse Mr. Chamberlin's remarks regarding 
the value of cost-comparison studies in engineering, and the value 
to the student engineer of a fundamental knowledge of the 
procedure in such studies. 

Making cost comparisons is a measurement process in which 


the principal unit is the dollar. One of the great physicists— . 


Lord Kelvin, I believe—has written: “When you ean measure 
what you are talking about, you know something about it; and 
when you cannot measure it, when you cannot express it in 
numbers, your knowledge is of a meager and unsatisfactory 
kind." 

The rules of the mathematies employed when relating the 
various quantities developed in & measuring process require all 
quantities to be expressed in like units. For example, in a 
space measurement, units of length may arise as inches, feet, 
and yards, and require all to be expressed as feet by the applica- 
tion of suitable conversion factors. Likewise, in measurements 
where the dollar is the unit, it is required that before quantities 
of money may be properly eompared, they must be operated upon 
by suitable eonversion faetors whieh will reduce all expendi- 
tures and investments such as first costs, present values, periodic 
payments, future recoveries, and the like, to a common time 
basis. The laws governing the set-up of the postulates and the 
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facts in this sort of problem, and the method of solution, consti- 
tute the fundamentals of cost analysis, and it is these funda- 
mentals which I agree with Mr. Chamberlin should be given 
some prominence during the college course. This is not done 
now. 

Bancroft Gherardi: J was particularly interested in the 
remarks about induetive coordination, for, in the last five or six 
years, I have been the representative of the Bell system, working 
with R. F. Peek, the representative of the National Electric 
Light Association on the Joint Engineering Subcommittee, to 
solve our problems of inductive coordination; and before we had 
gone very far into that work, we eame to the conclusion that 
10 per cent of our problem was technical and 90 per cent was to 
bring about between the people on both sides of the question, & 
friendly and eooperative approaeh to that question. 

It is evident that here, as in other parts of the United States, 
the problem is generally being approached cooperatively, and 
thus we are able to find mutually satisfaetory solutions. 

N. B. Hinson: Mr. Gherardi has ealled attention to the 
fact that there are certain classes of work that can hardly be 
elassed as eleetrieal engineering being done by the telephone 
eompanies. Mr. Chamberlin in his paper has emphasized this 
faet, and the same thing is true of the power system where there 
are certain elements of planning which are not electrical at all. 

The telephone companies were the pioneers in the making of 
development surveys and population studies which could be 
used in advanced planning.: A number of the power companies 
are falling in line with the same idea and finding population sur- 
veys in rapidly growing territory, like southern California, very 
useful, especially where yearly increases as high as 15 and 20 
per cent occur. 

J. E. Heller: (communicated after adjournment) Mr. 
Chamberlin has pointed out that the advance planning of 
telephone toll plant requires the coordinated effort of several 
departments, who, in turn, require specialists to solve the prob- 
lems requiring their participation in the project. 

As indicated in the paper, open-wire carrier-current systems 
and cable conductors may be used to provide long-distance 
communication circuits. "The use of a given type of facility 
requires the determination of electrical as well as economic 
factors. After making allowance for the transmision losses of 
the trunking and local loop plant used at each terminal, it is 
electrically possible at the present time to talk with various 
facilities over the distances given below: 


Type of Facility Mi. 
104 Open-wire............... ee eee ree 5000 
165 Open-wire............... eene 6700 
19-Gage 2-wire cable circuits........... 700 
16-Gage 2-wire cable circuits........... 1200 
19-Gage 4-wire cable cireuits........... 1500 


Since a given circuit may be used as a link in a long built-up 
connection, consideration must be given to the number of links 
involved and each link designed so that it may be connected 
to any other link in the system. This requires that individual 
links must be somewhat shorter than indicated previously. The 
overall length for a given grade of transmission will also be 
affected by the amount of transmission loss allowed in the termi- 
nating trunks and loops. Undoubtedly future developments will 
materially extend the length over which it is practicable to talk 
with the present types of conductors. 

Usually several plans are considered when a large addition 
to a plant, such as a toll cable, isindicated. Preliminary studies 
require an approximate electrical design of the circuits for each 
plan, tagatis with the cost of providing the facilities for a long 
periód' of "Yeurg.. The prolirginety studies „together with other 
basic data as presented y Mx. Chanberlin. dytermine the plan 
to be adopted, After & Y partiguias ‘plañ lias been adopted it is 
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necessary to review the electrical design in order to determine 
the loading arrangement of the conductors, the location of 
repeater stations, and the equipments to be placed at each 
station from year to year. 

Carrier-current systems are being used extensively in the 
provision of additional facilities. The increase in facilities 
possible on a given lead by this means has been indicated in the 
paper. Before a number of systems can be operated on a lead 
it is necessary to rearrange the wires by transposition to reduce 
the interference between systems. The present standard 
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arrangement makes use of alternate crossarms. While, in 
general, the costs are such as to make the use of adjacent eross- 
arms for multi-channel carrier-telephone operation undesirable, 
in special cases, the added expense may be justified by other 
considerations. 

The single-channel system developed for use on short hauls 
may be placed on the flat phantom groups of adjacent crossarms 
since the interference between systems of this type is less than 
that between multi-channel systems which occupy a higher 
frequency range. 


A Carrier-Current Pilot System 


of Transmission Line Protection 
A. S. FITZGERALD: 


INTRODUCTION 


HE increasing complexity of modern transmission 
networks presents many difficult problems in 
connection with the design and application of 

protective relays. 

On the larger systems, the use of increased time delay 
may be inadmissible on account of the difficulties met 
with in maintaining stable operation. Rather, there is 
a tendency in the direction of reduction in the time of 
operation of relays. 

Thus, there is a growing interest in . differential 
methods of protection; that is, in systems in which com- 
parison is made between currents which under normal 
conditions are necessarily equivalent. These have the 
advantage of not being dependent upon the performance 
of relays in other circuits for their selective action. 

The simplest form of differential protective arrange- 
ment consists of a circuit embracing a portion of a power 
system (such as a generator winding or transmission 
line), and registering any difference which may occur 
between the current entering or leaving the section 
protected. 

Such arrangements offer very definite advantages over 
all other selective relay schemes, in that each section of 
the network so protected is a unit in itself and it is not 
affected by any other protective measure, nor by any 
alterations in the network arrangement. 'Thus no 
changes in the relay setting are necessary nor are these, 
in general, influenced by the direction of flow of power 
or fault current, nor by the settings of relays on con- 
necting lines, as is the case with time delay overload 
protection. Moreover, in differential systems, faults 
may be cleared with a minimum loss of time. 


These advantages are so marked that the differential 
system of protection is employed almost universally 
for the protection of generator windings, and similar 
applications where the extent of the circuit protected 
is a matter of yards rather than miles... . Hor. the ro- 
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tection of lines, however, the cost of the special pilot 
conductors has greatly restricted the application of 
this type of relay system, and it is not in general use 
in this country except for short distances or where there 
are so many sections in series that time delay methods 
are not desirable. | 

The success that has attended the use of differential 
pilot wire schemes in other countries, where the length 
of lines is less, indicates the desirability of a means of 
furnishing a similar service without the necessity of 
special conductors. 


CARRIER CURRENTS 


The term carrier current is employed as descriptive 
of a-c. energy generated at frequencies which lie, 
roughly, between 10 and 200 kilocycles. At these 
frequencies, the transmission of electrical energy ex- 
hibits special characteristics due to which it is possible 
to superpose carrier-current-control circuits on trans- 
mission lines or cables. | 

Carrier current is conducted more or less freely by 
straight conductors, and is restricted thereto by breaks 
or open circuits, except in so far as capacity paths are 
provided by parallel lines situated in close proximity. 
Carrier current may be employed for control systems 
because cireuits may be provided which will conduct 
the carrier current but which will not effectively pass 
60-cycle power current, and by means of which the 
carrier current may be introduced into, or taken out of, 
a power system. 

Conversely, the flow of carrier current can be re- 
stricted within certain specified limits by circuits which 
provide a high impedance to carrier current but do not 
affect power currents. 

Carrier current energy is commonly generated by 
means of three-electrode tube oscillators. 


REQUIREMENTS OF A PROTECTIVE SYSTEM 


A protective scheme suitable for association with 
carrier current operation and desirable from commercial 
and operating aspects, will preferably include the 
following features: 
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1. The employment of potential transformers will 
be avoided. 

2. The scheme should not require any definitely 
quantitative function on the part of the carrier appara- 
tus since there may be variations in attenuation. 

3. There should be no apparatus installed as part 
of the protective system which in itself represents an 
extension of the liability to trouble of the circuit pro- 
tected. Current transformers of high safety factor, 
preferably of the bushing type, should be used. The 
carrier-current coupling equipment should be of the 
most reliable form available. 

4. The equipment so far as possible, should be 
entirely current operated; that is, its operating power 
should be derived directly from the fault current. 

5. Failure of the carrier-current apparatus should not 
render it possible for a fault to remain on the line thus 
disturbing the whole power system. Rather such a 
defect should advertise its presence by causing only the 
individual line to trip unnecessarily if overloaded. 

6. The system should be suitable without modifica- 
tion for installation at any point in a network irrespec- 
tive of possible direction of flow of fault current, etc. 

7. It should be possible to check the carrier-current 
equipment at any time without interfering with service. 

8. In view of the fact that a restricted range of fre- 
quency is assigned to control systems, only one fre- 
quency per line protected should be used. 


GENERAL PRINCIPLES 


In its simplest form, differential protection consists 
of the installation of two current transformers at each 
extremity of the circuit embraced, one to receive the 
current entering the section, and the other, that leaving 
it. The secondaries are either connected in opposition 
and in series with one or more relays; or more usually 
connection is made so that the currents normally cir- 
culate, in which case the relays are connected across 
equipotential points. In either arrangement, the re- 
lays, normally, should receive no current, but on the oc- 
currence of a fault, which will be a difference between 
the entering and leaving currents, a corresponding 
difference will appear in the relays. Numerous re- 
finements and variations of this principle have been 
evolved in order to overcome difficulties in balancing 
and to render the apparatus immune from tripping on 
heavy "through" currents. 


It will be perceived that the function of the pilot 
conductors is to furnish one end of the line with a sample 
of the current at the other end, in order to provide the 
relays with means of discriminating between sound and 
faulty conditions. 


It is not, however, desirable to employ exactly similar 
principles when carrier current is to be used in place of 
a pilot line. This is due to the fact that carrier current 
is usually transmitted by means of resonant circuits. 
Because of this, and other causes, it is not always 
possible to achieve exact numerical ratio between the 
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carrier current transmitted from one point and that 
received at another. Thus, it is preferable to avoid an 
arrangement in which fault conditions are indicated -by 
a difference between the magnitude of the currents 
concerned. | 

A transmission line will be equipped with a circuit 
breaker at each end and with relays designed to trip the 
breakers automatically in the event of abnormal 
currents being carried by the line. The relays may 
operate on overcurrent, ground current, or may be 
power-directional. Such relays will correctly indicate 
abnormal conditions, but, in the general case, do not, 
by themselves, distinguish between a fault on the line— 
when we want both switches to trip—and a fault else- 
where, when we wish to avoid interrupting the line. 

In order to accomplish this, we must know at each 
end of the line what is happening at the other end, and 
it is for this purpose that we employ the carrier-current 
system. 

In ring systems, or networks, a fault generally not 
only causes a difference in the magnitude of currents 
entering and leaving the faulty line, but also sets up a 
difference in direction. 

One method of carrier-current protection would be to 
employ power directional relays at each end and to use 
the carrier to furnish at one end an indication of the 
position of the relay contact at the other. Such an 
arrangement would be quite practical, but a system 
independent of line potential is to be preferred. 


PRINCIPLE OF OPERATION 


The effect of a fault on the normal direction is the 
feature employed to discriminate. In order, however, 
to avoid potential excitation, the direction of power is 
not used, but instead, the instantaneous direction of 
current. This is done in the following way: 

The carrier is not used to trip the circuit breakers 
when the line itself suffers a fault. If this were done, 
we could not be sure of proper operation if the line 
should be connected to a source at one end only; or 
if the line should break in such a way as to bring about 
this condition. Moreover, the carrier channel may be 
interrupted by the fault. 

Thus, at each end, overcurrent relays are installed 
and connected to the oil-switch trip circuit. If the 
instantaneous currents at each end of the line have the 
same direction, indicating that the line itself is sound, a 
carrier signal is received preventing the overcurrent 
relays from tripping the circuit breakers. This looks 
after the stub feed, or broken line condition. 

If a three-electrode tube oscillator be operated from 
an a-c. plate voltage, it will oscillate intermittently 
during those half cycles only when the plate is positive. 

In a similar way a bias detector may be supplied with 
an a-c. plate voltage. It will be inoperative during the 
half cycles when the plate is negative, but during the 
positive half cycles, if the grid potential permits, 
plate current may flow. The grid will be excited 
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from a source of 180 deg. out of phase with the plate 
voltage so that normally there will be no plate current, 
the grid being negative when the plate is positive. 
If there be impressed on the grid an additional voltage 
ofyearrier frequency, a rectified current may be caused 
to flow in the plate circuit; but this can occur only 
during a positive half cycle. Thus, we may have a 
transmitter sending during alternate half cycles and a 
receiver capable of receiving only during the inter- 
. vening half cycles. A relay may be placed in the plate 
circuit of the receiver tube; this will operate when carrier 
is received. 
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1—PRINCIPLE OF OPERATION 


Fig. 1 shows, in an elementary manner, how these 
features may be arranged to furnish the desired result. 
The diagram represents a transmission line having 
a circuit breaker and over-current relay at each end. 
The two ends of the line are designated as “1” and “2” 
respectively. Carrier-current transmitters T, and 
T; at each end, together with receivers R, and 
R», are excited from current transformer secondaries. 
When carrier is received, the receiver relays open the 
trip circuits and prevent the opening of breakers. The 
equipment at each end is the same except that, as 
shown, one of the current transformer secondaries is 
reversed. 

The left hand series of diagrams refers to the case of 
a sound line which may be supposed to be carrying 
excess current to a point beyond the bus. It will be 
seen from the diagram that the primary currents are 
identical, whereas the plate voltages of the trans- 
mitters, which are derived from the current transformer 
secondaries, are of opposite polarity. The receiver- 
plate voltages at each end are reversed in respect of the 
adjacent transmitters. Thus the receiver voltages are 
also 180 deg. displaced from each other. Each receiver, 
therefore, is inoperative during the half cycle occupied 
by the transmission from the transmitter at the same 
end, and cannot receive from the latter. 


Transactions A. I. E. E. 


Referring now-to the transmitter-plate voltages at 
opposite ends, as shown in the left hand diagram, it 
ean be seen that the positive half cycles occur alter- 
nately. Thus the two transmitters, oscillating inter- 
mittently, send out pulses of carrier in alternate 
sequence. The positive half cycles of the receiver-plate 
voltage are shown in full lines and the negative half 
cycles, when the receivers are inoperative, are shown in 
broken lines. | 

Therefore R, is inoperative while T, is sending, 
but can receive from T». Likewise R, can receive 
from T, but not from T». In the case illustrated 
by the left hand series of diagrams, both receivers are 
operated and the receiver relays open the trip circuit 
and thus prevent the over-current relays from tripping 
the circuit breakers. 

The right hand series of curves shows the conditions 
when there is à short circuit on the line. In this case 
both the transmitters are sending simultaneously during 
which period neither of the receivers is able to receive. 
When both the receivers are operative neither of the 
transmitters is sending. Thus the receiver relays are 
not opened and the line is tripped by the over-current 
relays at each end. The operation of the system, there- 
fore, is such that if a current enters at one end, that 
end will be opened automatieally unless the current is 
“registered out" at the other end, which is an indication 
that the line is sound. If a fault be fed from one end 
only, the transmitter at the other end will not be ex- 
cited by the current. transformer and will not transmit. 
The fault will therefore be cleared, at the end from 
which it is supplied, by the over-current relay. 

A unique feature of this arrangement is the fact that 
it is possible to send and receive in both directions at the 
same time and at the same carrier current frequency. 
Thus, only a single frequency is required instead of two. 


Fig. 2—DIAGRAM or CONNECTIONS—SINGLE PHASE 


This is a distinct advantage if a number of lines is to 
be protected by this method, and one which will become 
more evident as the use of carrier current for purposes of 
communication and control becomes more prevalent. 


SINGLE-PHASE CIRCUIT 


The actual arrangements employed will now be more 
readily understood. Fig. 2 shows a complete diagram 
of the system. With a view to simplicity, only a 
single-phase line is given in the first instance, and the 
carrier current apparatus is not shown in detail. It 
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will be seen that the current transformer is connected 
in series with the primary winding of the plate trans- 
former and two over-current relays, one of which com- 
pletes the trip circuit and the other energizes the tube 
filaments. The former is furnished with a slight, 
definite, time delay; the latter is instantaneous. A 
preheating resistance may be connected across the 
contacts of the filament relay if desired. If the fila- 
ment be run continuously at reduced voltage, it will 
have little ‘effect on the life of the tube, but the time 
taken to raise the filament to full operating temperature 
will be substantially reduced. If this be done, the time 
delay of the trip relay need not exceed one-half second. 
Without preheat, a full second might be necessary. 

The trip relay will be set to pick up at a current 
slightly higher than the filament relay, in order to insure 
both filament relays closing before either trip relay 
picks up. The filament relays will be set to operate at 
a current somewhat exceeding the normal load on the 
line and not less than that at which the current trans- 
formers furnish sufficient plate voltage to operate the 
transmitting and receiving tubes. 

Thus, when an overload occurs on the transmission 
line, the filament relay first picks up, closing its contacts 
which connect the filament supply to the vacuum tubes. 
Within the brief period, necessary for the filaments to 

reach operating temperature, the carrier-current equip- 
ment is fully in operation. 


The receiving tube controls a polarized relay, the | 
contacts of which are normally closed. When the 


carrier wave is transmitted during those half cycles 
which indicate that the over-current is not due toa 
. fault on the line protected, the receiver tube energizes 
this relay. Thus, at both ends of the line, the trip 
circuit is opened and the subsequent closing. of the 
contacts of the trip relays immediately afterwards does 
. not open the circuit breakers. - 

If on the other hand the fault should be on the line 
itself, either the carrier does not reach the receiver, or if 
it is received, does not affect the receiver because it is 
transmitted, during the half cycles when the receiver is 
inoperative. The result is the same in either case; 
the receiver relay remains closed and when the trip 
relays close their contacts, the trip circuit is completed 
and the line disconnected. 


It will be noted that the line has positive over-current 
protection under all conditions except when there is a 
definite indication that it is sound. 


CARRIER-CURRENT TRAP 


An important point in the operation of this system 
is the affect on the channel of reference of faults. While 
the principle adopted has followed closely that of wired 
differential schemes, and the general effect of faults will 
be viewed from similar aspects, certain differences, due 
to the use of carrier, are of interest. 

The occurrence of a fault may or may not lead to the 
interruption of the channel of reference; that is, the 
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effective transmission and reception of the carrier wave. 
Assuming a simple coupling, the carrier will be stopped 
by a broken line, or a short circuit between the phases 
to which the carrier is coupled, on the section protected. 
A similar short circuit outside the protected zone may 
also have the same effect. Thus, it is necessary to 
provide between the point of coupling and the bus, a 
trap circuit for carrier. This prevents short circuits, 
anywhere but on the section protected, from interrupt- 
ing the carrier. This trap circuit takes the form of a 
lightning arrester coil tuned, by means of a condenser, 
to the frequency of the carrier circuit. The condenser 
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Fic. 5—CARRIER-CURRENT TRANSMITTER AND RECEIVER 

is mounted directly on the choke coil. Itismadeinthe 
form of an assembly of several dissimilar capacities 
brought out to terminals in such a way that a large 
number of combinations may be obtained. In this way, 


the trap may be tuned to any one of a number of avail- 


able frequencies. The condenser is arranged to be 
readily removed from the coil for this purpose. 

The complete trap with the condenser in position is 
shown in Fig.8. Fig. 4 shows the condenser dismantled 
for setting to the desired frequency. The condenser 
shown has three sections and can be set for 17 irequens 
cies ranging from 40 to 120 kilocycles. 
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The complete connections for both the relay and 
carrier current circuits, at one end only, are shown in 
Fig. 5. Two secondary windings on the plate trans- 
former are required to operate the carrier transmitter 
and receiver. The transmitter is of conventional form, 
having one master oscillator tube and one power 
amplifier, a suitable tap being furnished for the lower 
voltage required by the oscillator. The receiver is an 
ordinary bias detector, the negative voltage applied 
to the grid being derived from a tap to the transmitter 
winding, since this is of opposite polarity, at an instant, 
from that of the receiver plate winding. 
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-PLATE VOLTAGE REGULATION 


One of the principal features of any protective relay 
system is the extreme range of current value over which 
it must operate. The apparatus should preferably be 
capable of functioning with currents not greatly ex- 
ceeding normal load; yet it must sustain without 
damage, and work properly at the heaviest short-circuit 
eurrent which the power system can furnish. In 
extreme cases, twenty times normal load may be met 
with. 

Since the transmitter and receiver plate supplies are 
furnished by the current transformer, it is evident that 
a means must be found for providing a more or less 
constant voltage over this range of excitation. Vacuum 
tubes of the type used in carrier-current circuits cannot 
operate satisfactorily over a voltage range of more than 
three to one. The problem of extending this range to 
that required for a protective system entails special 
treatment. In view of the fact that we must limit the 
maximum, rather than the effective plate voltage, in 
order that the tubes may not be damaged during short 
circuits on the power system, saturated core principles 
are of no assistance. 

This difficulty has been successfully overcome by the 
use of a special type of regulating glow tube, developed 
by the company's research laboratory. The character- 
istics of this tube are shown in Fig. 6. The tube passes 
no current until the voltage reaches 60 volts, when a 
visible glow appears. For any value of current up 
to 30 amperes, the voltage drop across the tube will 
not exceed about 80 volts. The appearance of this 
tube may be seen in Fig. 7. 

The glow tube is connected to a special secondary 
winding on the plate transformer, the action of the tube 
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Transactions A. I. E. E. 


being illustrated in Fig. 8. As the primary current is 
raised, the voltage across the glow tube winding, and 
across all other windings on the transformer, will 
increase up to the point at which the tube commences 
to discharge. The values of the various plate voltages 
at this point and at higher values of excitation will be 
the glow tube voltage multiplied by the respective 
turn ratios. It will be noted that the tube controls the 
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maximum voltage only and does not come into action 
until the instantaneous value reaches the glow voltage 
of the tube. The effect, therefore, on the wave form is to 
furnish a wave which is sinusoidal up to the point 
where the peak voltage is equal to the glow point of the 
tube. With higher values of excitation, there is no 
substantial increase in the maximum value of any of the 
secondary voltages, but the wave form becomes more 


Fie. 8—ACTION oF Grow TUBE 
and more rectangular. This characteristic is peculiarly 
favorable to this system of carrier current control in 
which the operation is independent of the wave form 
and of the amplitude, being solely determined by 
whether the wave is positive or negative. 

Fig. 9 is an oscillograph record which shows the action 
of the glow tube. The primary current is varied over a 
wide range and the resulting effect on the plate voltage, 
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which would be proportional to the current if no glow 
tube were present, can be seen very clearly. 


| PHASE RELATIONS 
In the explanation of the operating principles of this 
system, it was assumed that when the line is sound, the 
two currents will be in phase and that when the line 
. suffers a fault, the instantaneous currents will be of 
opposite polarity. In the development of this system, it 
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has been necessary to consider to what extent this is 
actually correct under service conditions. | 

In the case of a “through” short-circuit current, the 
currents at each end of the line are in actual fact identi- 
cal, on lines of present length, except for the charging 
current of the line, which in most cases is small in 
comparison with the current at which the over-curren 
relays would be expected to operate. | 

When the line itself suffers a fault, the two currents 
are not identical. They will usually be of different 
magnitude but will in general be very nearly 180 deg. 
apart in phase relations. There may be special cases, 
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Fig. 10—EFrFEcT or PBHAsE RELATION BETWEEN RECEIVER 


AND TRANSMITTER 


however, where the fault is fed from each end through 
circuits having different impedance power factors which 
may result in some slight departure from this phase 
relation, and this possibility has been studied. Fig. 10 
is a polar curve which shows the affect on the current 
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in the receiver relay of variation in the phase relation 
between the primary currents exciting the transmitter 
and receiver. It is evident that in the case of a 
"through" short-circuit current, there is no risk of 
the receiver relay failing to pick up as the currents are 
identical. In the case of a short-circuit on the line, 
the relay should not pick up. It can be seen that there 
must be a difference of at least 45 deg. between the two 
currents before this can occur. | 


THREE-PHASE CIRCUIT 

In order to apply this arrangement to the protection 
of a three-phase line, it is not necessary to use three 
carrier current equipments. All that is required is to 
furnish an arrangement of primary windings such that 
any possible fault condition will energize the plate 
transformer. 

It will be necessary to bring the carrier apparatus into 
action on the occurrence of the following currents. We 
may refer to the three phase as A, B, and C. | 
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Ground fault A 
Ground fault B 
Ground fault C 


The minimum number of exciting windings which 
will enable each of these conditions to furnish energy 
is three. By providing, therefore, three. windings, of 
dissimilar numbers of turns, each of the above cases 
wil set up a resultant excitation of the transformer. 
The magnitude of this resultant will necessarily vary 
according to which of the above conditions holds. 
Since, due to the glow tube, the carrier-current system 
operates over an exceptional current range, this varia- 
tion will be of no moment, provided that the minimum 
exeitation,—that is, when the least effective combination 
of turns results,—is sufficient. | | 

It is very often an advantage to be able to furnish 
more sensitive operation in the ease of ground faults 
than where the trouble arises from a short between 
lines. Moreover, a ground fault, limited in magnitude, 
perhaps, by an earthing resistance or maybe by the high 
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reactance or resistance of the abnormal return path, 
may not cause complete reversal of the current if an 
appreciable load is present. 

Thus, it may be desirable to so arrange the means 
whereby the flow of current controls the carrier apparatus 
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that a ground fault has a preponderating influence. 
We may do this by furnishing two windings of equal 
turns connected directly in the current transformer 
secondary circuit and one of an inereased number of 
turns connected in the neutral circuit of the three- 
^. current transformers. 

Three tripping relays and three filament relays are 


Fig. 138—CanRrER-CURRENT AND RELAY PANEL 


employed. In each case, one may conveniently be a 
ground relay which may be set to operate at a lower 
value of overload than the others. The general ar- 
rangement is shown in Fig. 11. 

The complete connections for one end only are given 
in Fig. 12. It should be noted that the glow tube is 
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energized by all kinds of faults. Therefore, while the 
primary current at which the glow tube comes into 
operation will vary according to the nature of the fault, 
the glow tube will always regulate all the plate and other 
voltages at the appropriate values corresponding to the 
turns on the several windings. 


CONCLUSION 


This system will furnish protection substantially 
equivalent to that which may be obtained with a pilot 
wire system, provided that the lowest phase-fault 
current at which it is desired to operate, is not less than 
the normal rated current of the line. In the case of 
ground faults, it is possible to obtain operation at lower 
values than full-load current. 


Fig. 14—CarrieR-CURRENT AND RELAY PANEL, REAR VIEW 
WITH CovER REMOVED 


In cases where it is required to take care of phase- 
fault, short-circuit currents, which are less than full 
load, it is desirable to install additional filament relays 
to avoid continuous operation of the tubes during nor- 
mal load conditions. 

The apparatus may be EE from bushing trans- 
formers as well as from standard types of current 
transformers. 


Tests have been made on a 66-kv. line about 30 
mi. in length. The apparatus was excited from 
standard bushing transformers. Actual short circuits, 
both between phases and to ground, were applied to 
the line itself or at neighboring locations. The system 
performed satisfactorily with fault currents which 
ranged from 200 to 1700 amperes. 

Fig. 13 shows a front view of the equipment which 
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was employed for these tests. The upper section of 
the panel carries all the carrier-current transmitter and 
receiver apparatus and instruments indicating the 
filament voltage of the tubes, the transmitter output 
current and the receiver relay current. The tuning 
adjustments can be seen in the photograph. 

On the middle section are the filament relays, trip 
relays, and filament rheostats. 


The receiver relay is mounted on the lower section 
which also carries the filament and test switches. 

The carrier apparatus may be seen more clearly in 
the rear view Fig. 14. This section is normally pro- 
tected by a cover. Back of the center section are 
mounted the plate transformer and the plate voltage 
regulating glow tubes of which two are shown in the 
illustration. 


Discussion 


E. R. Stauffacher: This novel and effective system of trans- 
mission-line protection offers great promise for lines operating at 
high voltage with a long-distanee between stations. 


It was my privilege last March to witness some of the tests of 
this equipment on the Ohio Power Company's system in the 
section of the system located near Zanesville and between 
the substations known as Newmark and Crooksville. This 
carrier-current pilot system of protection was applied to a 
66-kv. line between the above stations and the stations were 
separated a distance of 35 mi. The tests were made on a rainy 
Sunday, and fourteen: tests in all were made by means of putting 
short circuits within the section protected, and exterior to the 
section protected. The short circuits were phase-to-phase and 
phase-to-ground. There was, with possibly one exception, suc- 
cessful operation in all cases. When the short circuits were 
applied exterior to the section protected, the carrier-current 
system of protection kept this section in service; when the short 
circuit was within the section protected it eliminated this section 
and the short circuit promptly from the system. | 


One of the tests was particularly outstanding,—Test No. 6. 
This was a phase-to-phase short circuit between phases 1 and 2, 
was exterior to the section protected, and was rather severe, 
the current from one side of the system being 285 amperes, at 66 
kv., and from another side 1785 amperes at 66 kv. The total 
amounts to a short circuit of about 230,000 kv-a. 


While that is not so great as may be encountered on this sys- 
tem, still it is a sizable short circuit and for that particular 
system was enough to result in a very heavy jolt. It was quite 
interesting to notice the swaying or oscillation of the system for 
several seconds after the short circuit occurred. I believe that 
about 10 swayings were observed, swinging back and forth on 
the ammeter, where thousands of kilowatts were being exchanged 
across the section protected by this carrier-current protective 
system—and this section remained intact and stayed in service. 


That would have been a very severe test for any directional- 
relay form of protection, and I doubt if the lines would have 
stayed in, for the current was sufficiently great to indicate that 
the short circuit was in that particular section, and the direction 
of current flow was from one side to the other. 

The carrier current was apparently fast enough to keep up 
with the swayings back and forth, and the section did not trip 
out. 


In conclusion, as I stated before, it appears to me that this 
system offers great promise. From the observation of the tests 
it looks as if there was something to be desired in regard to speed. 
The author informs me that the speed of operation ean be in- 
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creased appreciably by the preheating of the filament and con- 
tinuous excitation of the plate. 

In this particular test 50 per cent preheating of the filament 
was used, but the time can be cut down, by means of 100 
per cent heating of the filament. Here is a case where it is 
necessary to balance the life of the tubes against the necessity for 
extra speed in eliminating trouble from the system. We are 
finding out that the elimination of a fault from the system with- 
out making the system unstable, is largely dependent upon speed 
and my only suggestion to the manufacturers is that they do all 
they can to speed up operation of this very unique system of 
differential protection. | 

Roy Wilkins: (by letter) In protection against line faults 


‘there are two major conditions: 


lst: Where the short-circuit current, either between the phases 
or from phase to ground, is several times the normal load current, 
such as is found in distribution systems in metropolitan areas. 

2nd: Where the short-circuit currents are comparable to, or 
less than, the normal current in the line. Such conditions apply 
to high-voltage transmission lines, particularly with regard to 
current from phase to ground, the case most common in practise. 

The paper by Mr. Fitzgerald presents & method beautifully 
simple for applying differential protection to transmission lines. 
Differential protection has been developed to its highest per- 
fection in England, and a general study of the English methods, 
difficulties, and results is valuable to anyone interested in relays. 

I should like to point out from a practical standpoint some of 
the difficulties that will be encountered before the carrier-current 
pilot system can be universally applied to large high-voltage 
networks. Judging from considerable carrier-current experience 
with all available present-day makes on extreme high-voltage 
lines it can be stated that at present existing relay systems are 
far more reliable than carrier-current installations. 

In view of its extra cost, the carrier-current installation 
to be desirable must give superior performance. Some means 
must be secured to eliminate the phase-relation troubles men- 
tioned in the paper, because the charging current on a 200-mi. 
220-kv. line is often half as great as full-load current, and at low 
or medium loads may be more than the in-phase current at either 
end of the line, depending on operating conditions. 

It is a perfectly practical condition to have more than 45 deg. 
between such currents for normal conditions. Lower-voltage 
networks have relatively little of such troubles. 

Another difficulty is that the current in phase-to-ground short 
circuits greatly varies in power factor, depending upon the 
location and character of the trouble. 

Relays at present in use for ground protection are so connected 
as to trip in a given direction selectively on as low as 14 sec. and 
on the Pacific Gas & Electric system of some 5000 mi. of line, 
60-kv. and above, last year, for over 1500 operations, there was 
no indication of a faulty operation of a ground relay. 

Phase relays depending upon combinations of voltage and cur- 
rent do not present nearly so clean-cut a record. 

Finally, the operating time must come down from the present 
standards—a very great way down,—as a perusal of several of 
the high-tension papers presented will show. 


Differential protection is one of the most desirable forms 
known, and outside the various split conductors and enclosed 
pilot wires used on low tension, the carrier system is the initial 
attempt to adapt it to high tension. It is to be hoped that it 
can be developed to overcome most, if not all, of its present 
limitations. 

Philip Sporn: (by letter) As pointed out by Mr. Fitzgerald, 
the differential method of protection of generator and trans- 
former windings has become almost universal and is the only 
standard and proper method of protecting these important pieces 
of equipment. The use of the differential circuit in protecting 
buses has also come very prominently to the foreground within 
the last four or five years. Abroad, the differential scheme has 
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been employed to protect transmission lines but it has never 
found very much favor here and in the main I believe this 
instinctive engineering act, if you wish to call it that, has been 
fully justified. If a pilot line is made more reliable than the 
transmission line, and it must be that to stand up under con- 
ditions that would cause the breakdown of the transmission line, 
then the cost involved becomes so great that economically it 
becomes prohibitive. If it is not to be built with the same 
degree of reliability then it is of no use to go to the scheme. The 
use of carrier eliminates the main reason why the pilot scheme 
has not found favor here up till now. 

To those of us who have had actual experience in trying to 
obtain selective action on a loop involving four or five, and 
sometimes six, stations, by the use of reverse-power and induc- 
tion-type relays only, and who have actually been trying to 
obtain another 10 cycles differential between two stations, and 
have known the disappointment that goes with chasing through 
a set of relay time settings only to find at the very end that there 
is one condition under which the apparently perfect set of 
settings would not work, the idea of getting a method of cutting 
down by one or two, the number of stations that would have to be 
made so to differentiate will certainly be welcome. 

It is hoped that actual operating experience will bear out all 
the fond hopes that we have for this scheme. On this, as well 
as on the question of tests referred to by Mr. Fitzgerald, we may 
have something to place before the Institute within the next 
year or so. | 

One other aspect of the differential scheme of protection that 
ought to be pointed out is the lightning aspect. 

Operating experience obtained within the last four or five years 
on systems where, under conditions of short circuit or flashover, 
currents in the neighborhood of 3000 to 5000 amperes ean be 
pumped into the point of flashover on a transmission wire, has 
definitely shown that if the trouble is cleared within a certain 
minimum time, little burning, if any, will result. I think it can 
be definitely stated that on systems such as mentioned, if this 
time is kept below 1 to 114 sec. no trouble need be anticipated. 
Further, if the time is made as high as 3% sec., trouble is to be 
expected almost always. Now here is an arrangement that in a 
loop system allows the clearing of a case of trouble within a 
period say of 1/2 to?/3sec. The contribution of such a device 
to continuity of service, if it develops satisfactorily, is bound to 
be enormous. 

L. F. Fuller: <A protective gap is placed around the carrier- 
current trap so that surges on the transmission line will not pass 
through the trap but will jump the small gap and pass on. This 
gap is not shown in Figs. 2 and 11 of the paper. 

A. S. Fitzgerald: Mr. Stauffacher has made reference to the 
speed of operation of this form of protective apparatus. In the 
first trial installation of this system no especial effort was 
directed toward attaining any great speed of tripping. We 
concerned ourselves mainly with an investigation of the operating 
characteristics of carrier current in this new field of application. 


phase relays. 
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As Mr. Stauffacher indicates, the speed of tripping of this 


apparatus is not limited to the half-second mentioned m the 
paper, where reference was made to a circuit in which the over- 
current relays, which initiate the operation of the carrier-current 
equipment, were connected so as to control the filament voltage. 
Substantial reduction in time can be obtained if, instead, 
we connect these relays so that they complete the plate-voltage 
circuit instead of the filament supply. This is now being done 
in the case of the equipment which the paper describes. The 
filaments are run continuously, but since the plate voltage is 
not normally applied to the tube, no emission can take place 
except when the protective equipment is actually brought into 
operation. The life of the tubes, of course, depends largely 
upon the length of time during which there is emission from the 
filaments. | 


Mr. Wilkins restriets his remarks to the conditions which 
are eneountered when this system is applied to very high-voltage 
lines. It is assumed that he has principally in mind systems 
operating at 220 kv. 

Mr. Wilkins entertains some doubt as to the reliability of 
earrier-ecurrent equipment. The number of carrier-current 
eommunieation installations now in serviee in the United States 
on systems up to 132 kv. must exeeed 200, and this figure surely 
suggests that a high order of reliability has been attained. The 
amount of earrier-eurrent equipment at present installed on 
220-kv. lines does not seem sufficient for final conclusions to be 
drawn as to the results whieh ean be obtained at this voltage. 
Mr. Wilkins wil also appreciate that the funetion whieh the 
earrier eurrent is ealled upon to perform, is, in the present 
application, very much simpler than that necessary in the case 
of carrier-current telephony. There is no question of calling, 
nor are there any problems of modulation. Furthermore, the 
transmission of carrier is restricted to the simplest case of a 
single length of line instead of having to carry right across a 
complicated network. 


The author finds himself in agreement with Mr. Wilkins when 
he points out that the application of carrier-current protection 
to 220-kv. circuits will involve the consideration of conditions not 
met with at lower pressures, and especially in respect to his 
remarks on the advantages of ground relays in comparison with 
It is not unlikely that the ultimate solution will 
be found in & earrier-eurrent system envisaging ground faults 
principally, if not exclusively. 

The question of current-phase relation is, perhaps, rather 
too involved to discuss through the present medium but it may 
be pointed out that the curve given in Fig. 10 is the re- 
sult of specific design based upon an estimate of the probable 
general condition. It is possible to furnish different character- 
istics if circumstances should require them. 

The author shares with Mr. Sporn the hope that this system 
may ultimately prove to be a real help in the operation of large 
power systems. 
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Coupling Capacitors for Carrier Gurrent 
Applications 


BY T. A. E. BELT: 


Member, A. I. E. E. 


Synopsis.—Coupling to high-voltage transmission lines for 
purposes of carrier-current communication was first universally 
made by means of coupling wires. This type of coupling usually 
required high-power transmitting equipment, but when coupling 
capacitors were substituted it was possible to reduce the carrier 
input to the line without affecting the received signal strength. The 
paper gives an approximate method for determining the effectiveness 
of coupling wires and coupling capacitors. No attempt is made at 


APPROXIMATE METHOD FOR DETERMINING 
EFFECTIVENESS OF COUPLING 


simple mathematical treatment only is necessary 

to show the effect of stray capacity. From 
experimental data it has been determined that 

the impedance of a single long transmission line to car- 
rier frequencies is of the magnitude of the surge im- 
pedance of the line, and that this high-frequency 
impedance acts as a straight ohmic resistance load. 
It has also been shown that ground losses are relatively 
small for interphase coupling. In the following calcu- 


Power Conductors 


B 12ft. 12ft. C 
Conductors 0.5in. 
10ft. Diameter 
A ; " 
Coupling Wires 
40ft. 


E . Ground Plane 


1— DIAGRAMATIC ILLUSTRATION OF COUPLING-WIRE 
INSTALLATION 


Fic. 


lations, therefore, the carrier-frequency impedance of 
the transmission line will be treated as a resistance and 
the ground resistance will be neglected. 

Fig. 1 is a diagramatic representation of a coupling 
wire installation. It is assumed that the power conduc- 
tors are horizontally spaced on 12ft. centers and the two 


coupling wires are 10 ft. below the two outside power 
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refinements in calculations as it is only desired to show the effect of 
stray capacity. Curves show the change in practise from coupling 
wires to coupling capacitors. Itis estimated that by the early part of 
1928 the total number of the two types of coupling will be equal. 
The electrical characteristics for different types of insulation used in 
coupling capacitors, based on test results is given. Some important 


points of design for the new cable capacitor are included. 
* * * * Li 


conductors. The ground plane is assumed to be 40 ft. 
below the coupling wires. For such a coupling-wire 
installation, the useful capacity between a 1500-ft. 
coupling wire and the power conductor is approximately 
the capacity between A B minus the capacity of A C, 
which is: 

C = 0.00205 — 0.00178 = 0.00027 u f. 


The stray capacities A D and A E between the coupling 
| C * .00027 Mfd. 


Dorema. ro=500 Ohms 
C3=.00027Mfd; 


$*60000Cycles 


2—EQUIVALENT CIRCUIT FOR CouPLING-WIRE 
INSTALLATION 


F ia. 


wires and to ground are of the order of 0.0018 wf. 
The equivalent circuit of this coupling-wire installation 
is represented in Fig. 2. 
Let 
f = Carrier frequency 
= 60,000 cycles. 
E = Applied carrier-frequency potential 
= 100 volts. 
C, = Stray capacity between coupling wires and 
ground 
= 0.0018 p f. 
= 1470 ohms at 60,000 cycles. 
C, = Effective capacity of one coupling wire to the 
power conductor. 
= 0.00027 y f. 
= 9800 ohms at 60,000 cycles. 
C; = C. 
= 0.00027 y f. 
= 9800 ohms at 60,000 cycles. 
to = Equivalent high-frequency resistance of the 
transmission line. 
= 500 ohms. 
Impedance using coupling wires. 
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Z! = Impedance using coupling capacitors. 
Then for coupling wires (Fig. 2): 

Z1 Z» 

dil 07773 
Where l 

Zi = 0— j 1470 

Z. = 500— j (2 x 9800) = 500 — 7 19600 
Then 

Z = 67.4 — j 1360 
And . 

Z = 461.4 + 1360? | 

= 1360 ohms. 
Therefore 
E 
poet 


100 
= i360 " 0.0787 amperes fed into network 


where coupling wires are used. 


With properly designed and installed coupling ca- 


pacitors, the stray capacity effects are very small and 
vary considerably with each particular installation. 
By properly arranged circuits, the capacitance between 
lead-in wires is relatively small.. The stray field be- 
tween units is also small with proper mechanical 
spacing. Therefore, we will neglect these stray 
capacities for purposes of calculating the current re- 
quired using coupling capacitors. 

Fig. 3 represents the equivalent circuit for a coupling- 


E 


Fic. 


C2* -00027 Mfd. 


C= .00027Mfd. 


f:60000 Cycles 


3—EQUIVALENT CIRCUIT FOR COUPING-CAPACITOR 
INSTALLATION 


Ly 


capacitor installation. In order that the calculations 
may be compared directly with those obtained using 
coupling wires, the same effective coupling to the power 
conductor is assumed as before. 


Thus for coupling capacitors (Fig. 3): 


Z! = 500-7 19600 
Zi = 4/500? + 19600? 
= 19600 ohms. 
Hence ; 
E 
P= UA 


| . 100 
~ . 19600 


where capacitors are used. 
We will define the effectiveness of coupling as a per 
cent ratio: 


= 0.0051 amperes fed into network 


y = Useful Current 100 
~ A Total Current X 


Then 
0.0051 
r o= goer 
= 6.92 per cent for coupling wires. 
yı = 0.0051 100 
= 0.0051 * 


= 100 per cent for coupling capacitors. 
As previously stated, there is a small stray-capacity 


LA | 
REHAN 
HT mum 
GERE H ae EEEHRRBEERRNERBF, 
PtP NENENNRE 
Ep eb | PEC 
EBSRNENERERBEREN 
See 


EFEEERE Pt TET YP 


E 
ttt +t et 
Et TT a 


E 
a 
ERE 
L| 
E 
B 
E 
L| 
ER 
E 
am 
E 
E 
L 
E 
L| 
E 
| 
L| 
iz 
L| 
"E 
LL 
922 


o 


1928 


Fic. 4—Curves SHOWING NUMBER OF CARRIER-CURRENT 
INSTALLATIONS, USING CouPLING WIRES AND COUPLING 
CAPACITORS IN THB UNITED STATES 


effect when coupling capacitors are used and, therefore, 
the effective coupling is not actually 100 per cent, but 
is believed to lie somewhere between 80 and 100 per 
cent. 

CHANGE IN COUPLING PRACTISE 


From the relative effectiveness of coupling wires 
and coupling capacitors, it is not surprising that the 
change in practise from coupling wires to capacitors has 
been rapid. Up to the beginning of the year of 1924 
there were no coupling capacitor installations in the 
United States. Fig. 4 shows the number oi carrier- 
current installations using coupling wires and capaci- 
tors. Out of a total of 43 installations at the beginning 
of the year of 1924, all used coupling wires. At the 
end of 1924, there were 11 installations using capacitors 
and 97 using coupling wires. At the close of 1927, 
it is estimated there will be 130 installations using 
coupling capacitors and 145 installations using coupling 


Sept. 1927 


wires; and that in the early part of 1928 there will be as 
many carrier-current installations using coupling ca- 
pacitors as those using coupling wires. 
TYPES OF COUPLING CAPACITORS 
Four distinct types of coupling capacitors are manu- 
factured in the United States: | 
1. Mica 
2. Porcelain 
3. Oil Filled Cable 
4. Oil Filled Tank 
Both the mica and the porcelain type use low-voltage 
unit eonstruction, that is, the individual units are rated 
at a definite voltage and capacity. For higher voltage 
installations series-parallel combinations are used for 
obtaining the proper voltage and capacitance rating. 
Some of the characteristics of capacitors, using these 
different types of dielectrics, are tabulated as follows: . 
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ments. The cable capacitor, Fig. 6, consists of a short 
length of paper-insulated oil-filled cable bent intoa loop, 
thefree ends of which arestripped of their lead sheaths and 
brought up through wiping sleeves and electrostatic 
shields into a porcelain shell, where they terminate in a 
common terminal. The lead sheath of the cable is- 
attached to the carrier-current output transformer. 
The whole structure is filled with vacuum-treated oil 
and hermetically sealed from the atmosphere, so that 


changing weather conditions do not affect in any way 


the dielectric strength of the insulation. An expanding 
metallic reservoir is attached to the capacitor which 
takes care of the expansion and contraction of the oil 
caused by temperature changes: 

Fig. 6 is.a cross-section drawing showing the general 
details of construction of thecable capacitor for 110,000- 
volt service. 


These capacitors may be mounted on the transmission 
TABULATION OF TEST DATA TAKEN ON 0.001 4f. COUPLING CONDENSERS USING VARIOUS TYPES OF DIELEOTRIOS | 


Power-factor 


per cent Flashover Flashover Impulse 
Voltage at 1000 60 cycles wet |. 60 cycles dry Strength Impulse 
Condenser Type insulation rating cycles r.m. s. volts | r. m. s. volts Crest kv. ratio 
1 Mica 110,000 585,000 800 0.97 
2 Porcelain 132,000 284,000 300/400 0.75/0.99 
8 Oil-filled cable .110,000 319,000 800 1.78 
4 Tank type (oil and barriers) ' ` 110,000 260,000 355,000 1000/1100 1.99/2.19 


On- account of lower first cost: for medium voltages, 
the mica and porcelain capacitors have been generally 
installed on circuits up to and including 66 kv. The oil- 
filled cable capacitor has a field of application fur poten- 


Fic. a rae Tee aon ON SOUTHERN 
CALIFORNIA EDISON SYSTEM 


tials above 66 kv. The oil-filled tank capacitors are 
available for 110-kv., 132-kv., and 220-kv. circuits. 
The 100-kv. and 220-kv. sizes have been in service for a 
period of approaching two years on several systems 
throughout the country. Both the Pacifice Gas and 
Electric and Southern California Edison systems are 
equipped with 220-kv. capacitors. 


CABLE CAPACITORS 
The cable and tank?capacitors, Fig. 5, arenew develop- 


2. For purposes of brevity it has been necessary to omit 
the description of the tank capacitor but it is planned to present 
a paper on this type of capacitor at a later date. 


tower by providing a suitable structural-steel bracket, 
placed on a base mounting as shown in Fig. 6A, or set up 
on a framework depending upon the particular require- 
ments} of the customer. In the majority of cases the 


Fria. 6—CaBLEÉ COUPING CAPACITOR ror 110-K v. TRANSMISSION 
SYSTEM 


operator will wish to mount the unit outdoor on the 
steel transmission tower, since the weight of the 
capacitor—1000-lb.—permits this, and it may be thus 
placed in a very convenient position at a minimum cost. 
Connection to the line is then simple and direct; the 
unit is far enough up so that no surrounding fence is 
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required to protect against marauders, and periodic 
examination is not handicapped. 

The voltage of cable-type capacitors is limited only 
by the voltage rating of available cable. Atthepresent 
writing, the highest voltage commercial cable is 182 kv., 
but 154-kv. cable is now being built for capacitors of 
this rating, and specifications on 220-kv. cable for a 
proposed 220-kv. cable-type capacitor have been 
prepared. For the time being, it is not contemplated 
that the cable-type capacitor will be developed for 
voltages below 66 kv. because at the lower voltages 
the cost is higher than for some other types of 
capacitors. 

The porcelains used on these units are similar to those 
used for standard oil-filled bushings for power appara- 
tus; so that uniformity of practise in this respect is 
preserved. | 

At first glance it might appear that cable capacitors 


-30 *— — 72'— —+-30 i 
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Fig. 6a—FRAMEWORK MOUNTING FOR CABLE CAPACITORS 


have considerable inductance due to the loop of cable, 
but a little thought shows that there is no external 
magnetic field if connection to the lead sheath is made 
at the top, for then at every cross-section of the cable 
the current in sheath and conductor is of the same 
magnitude, and the magnetic flux is therefore confined 
to the space between conductor and sheath. On the 
assumption of a linear distribution of current from the 
terminal to the low point of the cable loop where the 
eurrent is zero, (for reasons of symmetry), the total 
stored magnetic energy corresponds to an equivalent 
inductance equal to only 1/12th that between the 
conductor and sheath of the active length of cable 
employed. This is about 5 x 10^? henry per ft. 
The specially treated paper used in the construction 
of this cable gives it a capacitance of about 73.2 x 107° 
uf. per ft. Therefore less than 14 ft. of cable has 
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Fic. 7—Cross-SECTION OF CABLE CAPACITOR 
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the required capacitance of 0.001 uf. for coupling 
purposes. From 75 per cent to 85 per cent of the total 
capacitance is in the external loop of cable for the 0.001 
u Í. units. 

In the manufacture of cable capacitors it is important 
that the bending of the cable be done without wrinkling 
the paper dielectric. For this reason bending forms are 
used for shaping the cable loop. The transition from 
the several lead sheaths of the cable is effected by 
applying (on a taper) varnished cambric tape over- 
laid. with copper braid until a diameter is reached 


Pretreated V. C. Tope e 
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Fig. 8—INTERNAL CONSTRUCTION OF CABLE CAPACITOR 


at which a layer of oil may be introduced without 
exceeding the allowable radial gradient for oil, see 
Fig. 8. At this diameter a smoothly flared conical 
shield continues the metal surface until it intersects 
the wall of the casing. The function of this shield is 
to increase the thickness of the oil layer at such a 
gradual rate that excessive longitudinal stresses are 
avoided. When the flare of the shields has opened out 
to a sufficient diameter, the varnished cambric is again 
tapered down to the surface of the cable paper. A small 
porcelain spacer isinserted to preserve the proper spacing 
and then a double wrapping of varnished cambric tape 
applied to serve both as a mechanical binder and to 
relieve the radial stress on the oil, which increases as the 
ground shield inside the bushing shell is approached. 

The sheet-iron casing is oval shaped at the bottom 
where it bolts to the wiping sleeves, and then gradually 
changes to a circle at the top where it meets the bushing 
shell. The shape and dimensions of this casing have 
considerable influence on the design. The slope of its 
walls must not differ enough from the slope of the insu- 
lation to.cause.excessive longitudinal gradients, and 
must have sufficient clearance to prevent. excessive 
circumferential stresses. 

It is important that there always be a positive oil 
pressure inside the capacitor, so that no air or moisture 
ean enter. For this purpose a pressure reservoir, 
actuated by an internal mechanism, keeps the oil under 
a pressure above that of the atmosphere. The reservoir 
is filled at the factory in such a manner as to compen- 
sate for the yearly temperature variation at its 
destination. 

On the end castings of the pressure reservoirs there are 
four small radially projecting guides, which center the 
reservoir inside its sheet-iron cover. This cover has two 
celluloid windows through which the position of the 
reservoir may be observed. A terminal is welded to the 
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top of the reservoir cover, for connection to the trans- 
mission line. 


VACUUM TREATMENT AND OIL FILLING 

In a piece of apparatus of this kind intended for 
satisfactory operation over an indefinite period of time 
without attention, except for an occasional inspection, 
it is of primary importance that its interior insulation 
be absolutely free from moisture and air. For this 
reason, hermetically sealed cable capacitors are sub- 
jected to a very elaborate and efficient system of factory 
inspection and vacuum treatment. The bushing shell, 
casing, and pressure reservoir are individually tested 
with oil under pressure. During assembly every 
precaution is taken to keep the internal parts clean 
and free from moisture or foreign material. 

When the capacitor has been assembled, a connection 


Fig. SA—PARTIALLY ASSEMBLED CILE CAPACITOR 


to a vacuum pump is made at the top of the bushing, 

with the pressure reservoir removed. À vacuum of 
200 to 500 microns? absolute pressure is maintained 
during the treatment, at the end of which the capacitor 
is ready for filling with No. 10-C transil oil at 120 deg. 
cent. which has been kept at that temperature and 
under vacuum for 20-hours previous to the filling of the 
capacitor. This oil must test 30 kv. or better between . 
one inch diameter disks spaced 0.1 in. apart. 

During the entire vacuum treatment the temperature 


3. There are 25,000 microns per ineh of mercury. 
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of the cable is maintained at 100 deg. cent. on the outer 
lead sheath and at about 140 deg. cent. on the conductor 
by circulating currents in the cable as the secondary of a 
transformer. 

The filled capacitors are allowed to cool for several 
hours under a pressure head of 5 Ib. persq.in. After 
cooling, they are disconnected from the oil and vacuum 
system and hermetically sealed with their pressure 
reservoirs. Before sealing, the reservoirs are expanded 
by oil pressure to the necessary height. 


Discussion 


E. R. Stauffacher: Fig. 5 shows the installation of the 
tank-type of coupling eapacitors at the Laguna-Bell Substation 
of the Southern California Edison Company. There is a similar 
installation at Big Creek No. 3 which totals four units of capac- 
itors for the system. In both of the stations the units are 
connected to one of the two 220-kv. busses. This equipment 
has been in service for about a year and has been thoroughly 
satisfactory in its performance. There was some apprehension 
at first as to whether or not it was advisable to connect a new 


and untried piece of equipment to.the 220-kv. bus but our experi- - 


ence shows that it is as reliable as any other apparatus designed 
for the same operating voltage. You can see that it gives a much 
more finished and workmanlike job than is possible with over- 
head wire coupling. It is of interest to note the statement 
regarding the effectiveness of coupling where the coupling wires 
are credited with a 7 per cent effectiveness of coupling while the 
effectiveness of the coupling capacitors is rated somewhere 
between 80 and 100 per cent. 

The cable coupling capacitor has not been used on our 220-kv. 
line and we have no experience to relate concerning it. How- 
ever, for voltages lying between 66 kv. and 154 kv., it should 
prove to be a means of making an effective and compact coupling. 


Wm. Dubilier: (by letter) I should like to point out certain 
faets concerning condensers for high-voltage operations: 

There is no question as to the superiority of mica as a dielec- 
tric in a condenser over any other dielectric at present available. 
It must be remembered that mica is. thé only dielectric known 


which does not deteriorate Wis tims, under electrostatic | 


pressures. 


Mica condensers 2 are 80 "—— that the potentials are 
subdivided in such a way that individual units carry 1000 volts 
or less; therefore, the high-voltage problems, such as ionization 
in the condenser unit, corona effects and other difficulties that 
may be developed due to impurities ` of artificial dielectric 
material, as; used in“ cables gas Potes are not present with 
mica. 


For the purpose of carrier-wave coping the mica condenser 
has been standardized in units of 22,000 volts. For higher 
voltages a number of those units is connected in series, elimi- 
nating the use of extremely high-voltage insulators necessary 
with all other types. 


Moreover, this unit construction permits beeping only one or 
two units as spares, requiring considerably less investment, as 
compared to the types where the condenser unit is designed for 
line voltage. 

Conditions in Europe, especially in territories surrounding 
Switzerland, are much more severe than are generally experienced 
in this country, and the electric railroads and power supply 
companies (such, for instance, as the Chemin de fer du Midi) 
have been experimenting for many years with every known 
insulating material, and have finally adopted mica condensers 
as the most suitable in practically all of their installations operat- 
ing at 60,000 volts. These capacitors have now been operating 
with great satisfaction for several years. 
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A earrier-wave coupling condenser developed in this country 
is shown in the accompanying Fig. 1. The four separate units 
are clearly seen mounted on top of each other. Such an instal- 
lation would be suitable for 88,000 volts; for higher voltages units 

might be added, one for each 22,000 volts. 

Fig. 2, herewith, shows an aetual installation at the Sunnyside 
Substation, Ohio Power Company, Canton, Ohio, one of the 
properties of the American Gas & Electric Company, installed 
on their 132,000-volt circuit between Canton, Ohio, and Philo, 


Fig. 1—Maica-rxPE COUPLING CONDENSER 


Pi 
i 4 


^) 
| 


^5 R9 qu IT. MP o La a 


Fie. 2—CovurLtinc CONDENSERS ON 132-Kv. Linu 


Sunnyside Substation, Ohio Power Co., Canton, Ohio, one of the proper- 
ties of the American Gas and Electric Co; installed on their 132,000-volt 
circuit between Canton, Ohio and Philo, Ohio, March 1925. This installa-. 
tion consists of two columns, six 22009-volt units in series per pbase. 


Ohio, Mareh, 1925. "This installation consists o: two columns, 
six 22,000-volt units in series per phase. 

A number of installations of this nature is at present Taa 
over the country, and so far the results have fully justified the 
theoretical considerations which have led to the choice of mica 
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condensers in preference to other types. Some of the installa- 
tions have been in continuous use for about three years, and as 
the carrier-wave connecting system is the link which must be as 
nearly trouble-proof as possible, it is interesting to note that the 
majority of the installations have had no trouble whatever, while 
in other eases the trouble has been due to lightning strokes. 
Philip Sporn: (by letter) Mr. Belt has touched upon the 
question of the increased use of coupling capacitors as against 
coupling wires and has stressed, as a reason for that, the fact that 
capacitors have greater effectiveness. I should like to point out 


however, that while effectiveness has undoubtedly a considerable 


amount to do with their increasing use, there is another factor 
which he has failed to point out. This factor has to do with 
lightning and while lightning is perhaps a subject that does not 
give mueh serious trouble in California, in the East and in the 
Mid-west it is a subject that gives us many a sleepless night. 

The work of Peek and others has shown that the ground wire 
is decidedly useful and very often an almost necessary part of a 
transmission line where lightning is much of a factor. The 
klydonograph work earried on by the various companies in the 
last two years has strengthened that viewpoint. However, 
whereas a ground wire is important on the line itself, it becomes 
doubly so at the two terminals of the line where apparatus has 
to be taken care of. Now what has been the practise with regard 
to coupling wires? In places where the line has been designed 
for one or two ground wires, the invariable practise has been to 
take the last four or five spans of the ground wire, insulate it, 
and use it as coupling conductor. From the standpoint of the 
coupling wire, this seemed the logical thing to do, but from the 
standpoint of the line as a whole, it was decidedly the wrong 
thing. The result, of course, was to give a line with a rising 
surge impedance at the two ends and the consequent increment 
in the steepness of any wave front as it approached the station. 
This is the reverse of the ideal aimed for, namely the decreasing 
impedance at the two ends. Viewed in this light, the decision 
between the coupling wires and coupling condensers is not very 
difficult. We have something like 22 carrier installations on our 
132-kv. system and this involves coupling to approximately 
34 different lines practically all of which are made through 
coupling capacitors. In the vast majority of cases the decision 
to go to coupling capacitors was influenced to a considerable 
degree by the considerations outlined above. 

From the data on impulse strength of the various types out- 
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lined by Mr. Belt, it would appear that the tank type would be 
the most ideal capacitor. Unfortunately, however, it has the 
drawback that it is also the most expensive one. Looking for 
the next best, we find that for a given rating, the mica and oil- 
filled cable types have about the same impulse strength but the 
impulse ratios are decidedly different. It would appear there- 
fore that the mica, if it could have 60-cycle flashover value cut 
down without affecting its impulse flashover, might very well 
compete with the cable type. In this respect, however, the 
general characteristics of the mica are not sufficiently well known 
and it would seem decidedly worth while to have more work done 
on the subject, particularly as in the present stage mica, from a 
standpoint of cost, would be decidedly the choice over cable. 
As regards the porcelain-type condenser (a type not discussed 
by Mr. Belt), this condenser utilizes materials that have been 
longest known and tried in the electrical circuit but in the present 
stage of development it certainly does not look as if it is ready 
to go on a system where high standards of safety are demanded. 
More work ought to be done on it. . | 
T. A. E. Belt: Very complete tests at 60 cycles and impulse 
were made in order to check experimentally the electrical strength 
of both the cable-type and tank-type capacitors. Therefore, 
Mr. Stauffacher took little chance in connecting the tank-type 


 eapaeitors directly to the bus at Laguna Bell and Big Creek No. 3. 


Mica is a good dielectric for certain applications, but it has an 
objectionable characteristic which Mr. Dubilier did not bring 
out in his discussion; namely, the property of breaking down on 
steep wave fronts, such as lightning, at a lower value of potential 
than its maximum 60-cycle breakdown. This characteristic 
makes it necessary to over-insulate a coupling condenser, using 
mica for 60 cycles in order to have it stand up in service on a 
transmission line which is subjected to lightning impulse voltages. 
There is no measurable deterioration of an oil dielectric such as 
used in the cable-type and tank-type capacitors. 

In general, American practise has not followed European 
practise, owing to the fact that operating requirements in this 
country are different from those in Europe and greater reliability 
is required. 

I wish to acknowledge the help given by L. V. Bewley of the 
High-Voltage Bushing Department of the General Electric 
Company in the preparation of this paper. I also wish to state 
that the development of the cable-type coupling capacitor was 
carried out in cooperation with that department. 


The Relation Between Frequency and Spark-Over 


Voltage in a Sphere-Gap Voltmeter 
| BY L. E. REUKEMA: 


Associate, A. I. E. E. 


Synopsis.—T he standard instrument for measuring crest values 
of high alternating voltages at 60 cycles is the sphere-gap voltmeter, 
which measures a voltage by the distance which it will flash between 
spheres. In much of the high-voltage research, however, very high 
frequencies are used. For measuring the voltages used im these 
high-frequency tests, the sphere-gap volimeter is used, the assumption 
being made that its calibration at high frequency is but little, if any, 
different from that at 60 cycles. 

In the endeavor to make the sphere-gap a standard for measuring 
peak values of voltage at high frequencies, as it is at present a 
standard at commercial frequencies, experimental data were ob- 
tained from which calibration curves for the sphere-gap voltmeter 
were plotted for frequencies ranging from 28,000 to 425,000 cycles 
per sec. for standard conditions of temperature and pressure. 
These curves cover a voltage range from about 1 0,000 to 50,000 volts, 
the source of the high-frequency voltage being a Poulsen arc with 
variable inductance and capacity in its a-c. circuit. The results 
show no appreciable change in voltage required to flash across a 
given gap as the frequency increases until a frequency of about 
20,000 cycles is reached, then a gradual decrease in required voltage 
as the frequency increases from 20,000 to 60,000 cycles, after which 
a single curve holds for all frequencies at least up to 425,000 cycles 
per sec., the highest frequency tested. The theory shows that this 


research is to be able to measure accurately the 

voltages employed, and, since it is the peak value 
of the voltage wave which ruptures insulation, it is 
especially important to be able to determine this peak 
value. For such measurements at commercial fre- 
quencies, that is, 25 to 60 cycles, the sphere-gap volt- 
meter, which measures a voltage by the distance which 
it will flash between spheres, is now the standard 
instrument. For much of the research in high-voltage 
phenomena, however, very high-frequency power is 
used. In much of the insulation testing, for instance, 
the sources of power are impulse oscillators generating 
voltages up to 1,500,000 volts or more at frequencies 
ranging from 30,000 to 500,000 cycles. The sphere- 
gap voltmeter is the accepted means of measuring such 
voltages, the assumption being made that the calibra- 
tion of the instrument is little, if any, different at high 
frequency from that at 60 cycles. To test the correct- 
ness of this assumption was the first object of this 
research. 


In the course of taking the experimental data to 
determine the relation of frequency to spark-over volt- 
age between spheres, an interesting and important fact 
was noted, namely, that exposing the spheres to 
the action of ultraviolet light has a very pronounced 


Or of the prime requisites in all high-voltage 
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curve should holt up to a frequency of about 6,000,000 cycles for a 
one-cm. gap, after which a further decrease should be found. At 
and above 60,000 cycles per sec., the voltage required to flash across a 
one-in. gap is 18 per cent lower than the voltage required at 60 cycles, 
provided only the ions occurring naturally in the atmosphere are: 
available to start the tonization which produces the flashover. 

In the course of the investigation it was noted that flooding 
the spheres with ultraviolet light decreased the voltage required to 
flash across a given gap at high frequency by about 3.5 per cent, 
whereas no such effect is found at commercial frequencies. There- 
fore a complete set of calibration curves for the frequency range 
covered was also obtained for the spheres flooded with ultraviolet 
light. 

The results are explained by showing that at high frequency a 
space charge of positive tons will accumulate between the spheres, 
this space charge distorting the potential gradient sufficiently to 
allow a spark to pass, even though the average gradient between 
spheres is considerably lower than is necessary at 60 cycles. The 
space charge depends on the rate at which tons are added to the 
field by ionization and the rate at which they are lost by diffusion 
and mutual repulsion, the terminal condition reached when the rate 
of gain equals the rate of loss determining the voltage at which flash- 
over will lake place at any given frequency. 


effect on the voltage necessary to flash across a given 
gap. At 60 cycles, the action of ultraviolet light on the 
spheres is merely to increase the accuracy of the 
sphere-gap as a voltmeter, but the average voltage 
required to spark across a gap is neither increased nor 
decreased to a noticeable extent. At high frequencies, 
however, a pronounced lowering of the voltage required 
for a given gap manifests itself whenever a source of 
ultraviolet light plays upon the spheres. The investi- 
gation of this phenomenon, discovered many years ago 
by Hertz, but apparently overlooked’ by engineers, 
constituted the second object of our research. 

In any investigation of physical phenomena, the value 
of the experimental data is considerably enhanced if a 
rational explanation of the results accompanies them. 
Such an explanation, on the basis of the fundamental 
physical principles known concerning electrical dis- 
charges through gases, together with an attempt to 
correlate the newly discovered phenomena with already 
existing knowledge on the subject, is the third object 
of the research. 


PREVIOUS INVESTIGATIONS 


The first object of this investigation is not a new 
problem, as several of the recognized leaders in the 
development of our knowledge of electrical phenomena 
have contributed toward its solution. A brief summary 
of the conclusions reached by former investigators will 
serve as a fitting introduction to the present 
investigation. 
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In 1911, J. B. Whitehead and W. S. Gorton started 
an extensive investigation of the electric strength of 
air, publishing their results serially in the A. I. E. E. 
JOURNAL. In one of these papers? they state: ‘There 
seems, however, to be no doubt that there is a decrease 
in eorona voltage, amounting to about 3 or 4 per cent, 
in increasing the frequency from 60 cycles to 2000 
cycles or over.’ 

L. W. Chubb and C. Fortescue in 1913 investigated 
the effect of frequency on the spark-over voltage be- 
tween spheres over the range from 25 to 60 cycles, and 
found frequency to have no effect in this range. 

On June 24, 1914, at the A. I. E. E. convention at 
Detroit, F. W. Peek, jr., who is responsible for most of 
the research on the sphere-gap voltmeter, discussed the 
effect of frequency on spark-over voltage between 
spheres as one of a number of related investigations 
carried on, at the General Electric high-tension labora- 
tory, under his direction. He compared a 1000-cycle 
curve with a 60-cycle curve and found nodifference with 
spark-over voltage plotted as a function of the gap. A 
40,000-cycle curve, however, lies below the 60-cycle 
eurve for its entire length, the percentage differences 
increasing as the voltage increases, from about 11 per 
cent at 11,000 volts to 16 per cent at 25,000 volts, high 
frequency. This curve contains only ten points, how- 
ever, two of them over 10 per cent off of the curve. 
Moreover, if two points lying below the curve are 
assumed to be the only ones greatly in error and are 
disregarded, a smooth curve could be drawn through 
the remaining points which would raise thecurveabout 
5 per cent. Therefore, this curve could hardly be re- 
garded as conclusive. Moreover, Peek himself does not 
so consider it. He attributes the decrease in required 
voltage at high frequency to rough spots on the spheres, 
as no special care was taken to polish them. In his 
book, ‘‘Dielectric Phenomena in High-Voltage Engi- 
neering,” 1920 Edition, Peek states: “It seems that the 
air at high frequency of the above order (40,000 cycles) 
is only apparently of less strength. If the sphere surfaces 
are highly polished, it seems that the high-frequency 
spark-over voltage should check closely with the sixty- 
cycle voltage. This should also apply for corona on 
polished wires. The following limitation, however, 
applies to both cases. At continuous high frequency 
when the rate of energy or power is great, frequency 
may enter the energy-distance equation thus 
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and spark-over take place at lower voltages at very high 
frequency." 

At this same convention, Professors Harris J. Ryan 
and J. Cameron Clark of Stanford University reported 
the results of an investigation which they had conducted 
on the relation of frequency to spark-over voltage, 


2. The Electric Strength of Air.-V The Influence of Fre- 
quency, A.J. E. E. Transactions, Vol. XXXIII, 1914, p. 969. 
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presenting curves of voltage as a function of spark- 
over distance at three frequencies, 123,000 cycles, 
255,000 cyeles, and 612,500 cycles. Ryan and Clark 
drew a single curve through the mean of all points, 
compared this eurve with a 25-cycle curve located by 
Fortescue and Chubb, and found their own curve to 
lie almost uniformly 4500 volts below the 25-cycle 
curve, at least within the range from 20,000 to 50,006 
volts. Ryan and Clark used seven-in. spheres, how- 
ever, while Chubb and Fortescue used spheres 25, 37.5, 
and 50 cm. in diameter. To determine whether this 
difference in voltage might possibly be due to a differ- 
ence in the size of the spheres used, the writer compared 
the curve of Ryan and Clark, changed to standard 
conditions of temperature and pressure, with a curve for 
seven-in. spheres calculated from Peek's formula for 
spark-over voltage for spheres of any size. In this com- 
parison, the high-frequency curve veers away from the 
60-cycle curve more gradually, but at about 50,000 
volts the high-frequency eurve lies 6500 volts or about 
13 per cent below the 60-cycle curve. 


Alexanderson also investigated the problem to a 
slight extent in 1914 with his 100,000-cycle sine-wave 
alternator, and found that a three-in. gap between 
five-in. spheres breaks down at about 100,000 volts. 
He does not definitely state that the high frequency used 
was 100,000 cycles, nor does he say whether or not one 
of the spheres was grounded. If it was grounded, as 
is probable, this shows about a 14-per cent lowering of 
required voltage at high frequency. Alexanderson 
used highly polished spheres. 


Since the amount of data on the relation of frequency 
to spark-over voltage by all experimenters combined is 
rather meager and some of it conflicting, the present 
investigation was conducted in the hope of clearing up 
the question, and thus making the sphere-gap a stand- 
ard means of measuring high-frequency voltages, as it 
is at present a standard for 60 cycles. 


Concerning the second object of the research, the 
investigation of the effect at high frequency of flooding 
the spheres with ultraviolet light, literature on the 
general subject has nothing to say. Apparently this 
phenomenon has, until our discovery, escaped the notice © 
of both physicists and engineers. Also, so far as we 
have been able to determine, no one of the previous 
investigators has tried to show, from fundamental 
principles, why the required voltage at high frequency 
should belower than at 60 cycles. 


THE PRESENT INVESTIGATION 


The generation of voltages ranging up to 50,000 volts 
at frequencies of 60 to 500 cycles presented no difficulty, 
as generators and transformers for these frequencies 
were available. A diagram of the set-up for the tests 
is shown in Fig. 1. For the higher frequencies, a two- 
kw. Poulsen arc, generously loaned to us by the Federal 
Telegraph Co., was the source of power. For the a-c. 
circuit of the arc, we constructed a large air condenser 
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and 24 inductance coils, of open design so as to with- 


stand the high voltages induced, and with a minimum. 


ratio of resistance to inductance, so as to obtain a 
maximum induced voltage. The inductance coils 
and the condenser are connected in series across the 
arc, the leading reactance of the condenser neutralizing 
the lagging reactance of the inductance coils, so that 
only the high-frequency resistance of the circuit limits 
the flow of current. The voltage built up across the 
coils and that across the condenser neutralize each 
other, so that either one may be over a hundred times as 
large as the d-c. voltage impressed across the are. The 
high voltage between the condenser plates is impressed 
across the sphere-gap voltmeter. By varying the 
distance between the condenser plates and the number 
of inductance coils used, the frequency may be varied 
over a range from 28,000 cycles to about 450,000 
cycles per sec. according to the formula 
1 
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where f is frequency in cycles per sec., L is inductancein 
henrys, and C is capacity in farads. 

To measure the voltage impressed between the 
spheres, three condensers in series to break up the volt- 
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Fig. 1—D1aGRAM OF CONNECTIONS FOR CALIBRATING SPHERE 
Gap AT Hran FREQUENCY AND HiGH VOLTAGE 


age were used, a gold-leaf electroscope reading the 
voltage drop across the middle condenser. The electro- 
scope reads effective values of voltage, whereas it is 
peak value which causes a flashover; therefore the wave 
forms of the low-frequency voltages, over the entire 
range of voltages used, were photographed with an 
oscillograph and the oscillograms analyzed mathemati- 
cally to determine the ratios of effective to maximum 
voltages for this range. The voltage waves from the 
Poulsen are were investigated with a sensitive wave- 
meter, and all harmonics found to be negligible, so that 
they may be assumed to be pure sine waves within 
a very small fraction of one per cent. 


DESCRIPTION OF APPARATUS 


The sphere-gap voltmeter was constructed according 
to A. I. E. E. specifications. The spheres are of brass, 
6.25 cm. in diameter and accurately turned. The 
lower sphere is movable in a vertical direction, and the 
gap may be readily read to a thousandth of an inch. 
Neither sphere was grounded. 

Since the high-frequency voltage obtainable from a 


E L 
Poulsen arc equals ERN "C" in which E is the 
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voltage across the a-c. terminals of the arc, R is the 
resistance of the a-c. circuit, L is the inductance of the 
coils, and C is the capacity of the condenser, a high 
ratio of inductance to resistance is necessary in the coils 
in order to induce the large voltages desired. The 
resistance of the coils at high frequency is many times 
that at 60 cycles, due to both skin effect and to eddy- 
current loss in the copper caused by the magnetic flux 
of the coil cutting the turns. The coils used were 
designed to make this high-frequency resistance a 
minimum, using formulas developed by C. L. Fortescue 
and published in the Sept., 1923 issue of the Journal 
of the British Institution of Electrical Engineers. 
Twenty-four coils were constructed, 30 in. in outer 
diameter and 12 in. in inner diameter, containing eight 
layers of three turns each, turns being mounted on 
wooden pegs and spaced ore in. apart. The smallest 
high-frequency resistance for this size of coil is obtained 
by using No. 9 B & S gage wire. 

 'The principal considerations in the design of the con- 
densers used in series with the inductance coils were to 
keep the energy losses down to a minimum and to 
prevent the formation of corona. Energy losses in- 
crease the effective resistance of the circuit and there- 
fore decrease the voltage obtainable. Corona, in 
addition to wasting energy, introduces a source of error 
into the sphere-gap readings by setting up minor 
surges in the circuit, which may cause flashovers be- 
tween the spheres even though the fundamental voltage 
which is being measured may be much too low. "These 
considerations, together with the high voltages used, 
called for large condenser plates separated sufficiently 
by air to prevent flàshes between them, and free from 
sudden bends, sharp corners, and irregularities of any 
kind. The plates used measured seven by eight ft. 
and were constructed of galvanized iron nailed to 
wooden frames, with quarters of copper float balls 
soldered to the four corners and with metal connectors 
soldered to the sides to receive the connections from 
the inductance coils. To prevent stray electrostatic 
flux from these condenser plates from spreading out 
into the voltage-measuring apparatus, grounded shields 
of fine-mesh chicken wire, stretched on pipe frames, 
were hung on both sides of the condenser. 

In parallel with the sphere-gap were three air con- 
densers in series, the middle one of the three having a 
much larger capacity than that of the two outer ones. 
These condensers divide the voltage between them in 
inverse ratio to their capacities, so that the voltage 
drop across the middle one was about two per cent of 
the total voltage impressed across the sphere-gap. 
This voltage drop across the middle condenser was 
measured by means of a gold-leaf electroscope, con- 
nected in parallel with the condenser. The plates of 
all of the condensers are of galvanized iron on wooden 
frames supported in vertical planes, and are free from 
sharp edges and rough spots, with joints covered with 
tinfoil to prevent the formation of corona, since it is 
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essential for accurate work that the losses in the con- 
densers be negligible at all frequencies. The plates of 
the middle condenser are five ft. sq. and one in. and a 
half thick, are suspended from insulated supports, and 
are separated about three-eighths of an in. by small 
porcelain insulators. Each of the outer condensers 
consists of an outer plate two ft. sq. and one in. and a 
half thick, which fits inside a boxlike plate, with a bot- 
tom three ft. sq. and sides one ft. high, the plates being 
separated about five in. The smaller plates are con- 
nected to the voltage to be measured. Each of the 
boxlike plates is connected to the adjacent plate of the 
inner condenser, the boxes facing away from each other. 
In this way the electrostatic flux from one outer plate 


is prevented from reaching the other, and also from 


setting up a stray field in the vicinity of either the 
sphere-gap or the electroscope. Each condenser is 
insulated from ground by small porcelain insulators. 


The electroscope consists of a nickeled steel case with 
glass front and back, down the center of which extends 
a nickeled brass rod carrying the gold leaf. To prevent 
possible external flux from penetrating the interior of 
the electroscope, the glass front and back were threaded 
both horizontally and vertically with fine wires. The 
rod bearing the gold leaf is insulated from the case by 
sulphur. A protractor was arranged to turn on an 
axis in line with the point of connection of the gold 
leaf, a line peep-sight directly in front of the protractor 
and a frame carrying a fine hair about four in. behind 
the protractor turning with the latter as an integral 
part. This makes it possible to read the deflections of 
the gold leaf to the tenth of a degree, which compares 
favorably with the accuracy of the sphere-gap itself. 


Whenever a spark takes place between the spheres, a 
short circuit is produced across the transformer in the 
ease of the low. frequency and across the Poulsen are 
in the case of the high frequency. To prevent the burn- 
ing and pitting of the spheres which would otherwise 
result from such short circuits, water-tube resistances 
were placed in both high-tension legs of the transformer 
circuit, and a one-uf. condenser successfully limited 
the flow of current from the high-frequency circuit. 
The voltage drops in the water-tube resistances and in 
the current-limiting condenser occurred before the 
voltage was impressed on the sphere-gap and measuring 
condensers and therefore were in no sense a source of 
error in the measurements. 


The source of ultraviolet light with which thespheres 
were flooded was an open arc light, ordinarily used for 


. oseillographie work, which was placed about four ft. 


from the spheres with the light concentrated on them. 


PROCEDURE 
As the sphere-gap voltmeter is a standard instrument 
for the measurement of high voltage at 60 cycles, the 
electroscope was calibrated by reading its deflections 
for spark-overs between the spheres for voltages ranging 
from about 7000 to 55,000 volts effective, the voltage 
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being varied by varying the field of the alternator. 
Since the object of the research is to compare the high- 
frequency voltage corresponding to a given gap with 
that required at 60 cycles, this method eliminated the 
errors which would have crept in if the electroscope had 
been calibrated with direct current and the capacities of 
the condensers measured. The readings of the sphere- | 
gap were reduced to standard conditions, 760-mm. 
pressure and 25 deg. cent., as adopted by the A. I. E. E., 
and were also corrected for wave form, since the sphere- 
gap measures crest values and the electroscope effective 
values of voltage. Although the generator supplying 
the 60-cycle power produced a practically pure sine 
wave, the voltage drops within the transformers due to 
the harmonics of the exciting currents and the distortion 
due to the internal capacity of the 50,000-volt trans- 
former produced a slight change in wave form, which 
necessitated the mathematical analysis of the voltage 
wave on the high-tension side of the transformer, for 
the range of voltages used in the test. Oscillograms of 
these waves at six representative values of voltage were 
analyzed, and the ratio of maximum to effective value 
of the actual waves compared to this ratio for a pure 
sine wave. The corrective value averaged about 0.8 
per cent and in no case was larger than 1.8 per cent. 
The electroscope and measuring condensers having 
been calibrated for a given setting of the condensers, 
high-frequency runs were taken, reading electroscope 
deflections as a function of distances between spheres 
for the maximum range of voltages obtainable at any 
one frequency. Temperatures and barometric pres- 
sures were recorded, so that the gap readings might 
later be reduced to those for standard conditions. The 


voltages were varied by changing the d-c. voltage im- 


pressed on the Poulsen arc, the length of the arc-gap, 
and the strength of the magnetic deflecting field so as 
to give steady operation. Frequencies were varied by 
changing the number of inductance coils used and the 
distance between the main condenser plates. Fre- 
quencies were calculated from the wavelength readings 
of a wavemeter. Runs averaging approximately 100 
readings each were taken for frequencies ranging from 
28,170 to 425,500 cycles, both with the spheres flooded 
with ultraviolet light and without. Runs at 133 
cycles, 250 cycles, and 500 cycles were also compared 
with those for 60 cycles. In order to besure that the 
particular setting of the measuring condensers was not 
a source of error, runs were taken for several different 
settings, each setting requiring a separate electroscope 
calibration. The surfaces of the spheres were kept 
highly polished at all times, by polishing them with a 
power buffer at least once and usually several times 
during each run, and by hand with a soft towel after 
each spark-over. 

To obtain a reading, the distance between spheres was 
made slightly greater than could be flashed across by 
the voltage impressed, then the spheres were slowly 
moved together by turning the control wheel until 
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the spark occurred, at the same time keeping the peep- 
sight of the protractor arrangement trained on the 
deflected gold leaf, so that the voltage at the instant of 
flashover could be read accurately. The spheres were 
always moved together at least a full turn of the control 
wheel before a flash took place, so as to avoid any error 
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due to lost motion in the control wheel. In case the 
voltage at the instant of flashover was unsteady, the 
reading was thrown out, Care was taken to bring the 
voltage from the Poulsen arc up to the maximum 
possible with the d-c. voltage impressed before taking a 
reading, so as to eliminate errors due to surges. 


DATA AND CURVES 


The publishing of the 50 pages of data secured would 
serve no useful purpose, since the curves show the results 
obtained. Moreover, of the many pages of curves 
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plotted, only three are ineluded in this paper. Fig. 2 
is included to show approximately the accuracy with 
which the points fall on the various curves, and the 
very evident difference between the voltage necessary 
to flash across a given gap when the spheres are flooded 
with ultraviolet light and when they are not. The 
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fact that all points do not fall accurately on the curve 
when ultraviolet light is flooding the spheres is due to 
a slight unsteadiness which is inherent in the Poulsen 
are, not to any inaccuracy of the sphere-gap itself. 
Using ultraviolet light, 60-cycle curves always repeat 
themselves accurately, no point falling more than a 
quarter per cent off the curve. When ultraviolet light 
is not used, any point may be as much as two per cent 
off the curve. 

Figs. 3 and 4 show the final results of the test, the 
one when the spheres are flooded with ultraviolet light, 
the other when the spheres are not so flooded. 


THEORETICAL EXPLANATION OF THE RESULTS 


Mechanism of the Spark. Before considering the 
phenomena of electric discharge through gases, it may 
be advisable to recall certain fundamental concepts 
of the constitution of matter. All matter is composed 
of molecules in continuous motion, the temperature of 
any substance being merely a function of the energy of 
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the molecules are relatively far apart, and the continual 
collisions of molecules with each other and with the 
walls of the containing vessel give rise to the pressure 
of the gas. The average distance traveled by a mole- 
cule before colliding with another molecule is known as 
its mean free path. All molecules, in turn, are com- 
posed of atoms, different combinations of the 92 kinds 
of atoms producing the millions of varieties of mole- 
cules. The atoms are composed of a central nucleus 
with a positive electric charge and of particles of nega- 
tive electricity, called electrons, which travel around 
the nucleus in precessing elliptic or circular orbits at 
enormously high speeds, the electrical attraction of the 
positive nucleus for the negative electrons balancing 
the centrifugal force produced by these speeds. An 
atom thus may be compared to a solar system, its 
volume being mostly empty space. The number of 
planetary electrons in a neutral atom is always equal 
to the number of equivalent positive charges of the 
nucleus. 


Sept. 1927 


It is possible for an atom to lose an electron, however, 
in which case it is called a positive ion, since the loss of 
a particle of negative electricity leaves the rest of the 
atom positively charged. Similarly, a free electron is 
able to attach itself to most atoms. When this hap- 
pens, the atom with its extra electron is called a nega- 
tiveion. Anion, whether positive or negative, behaves 
like an ordinary molecule, as long as it is not in an elec- 
tric field. Assoon asan electric field is produced, however, 
the ion adds to its haphazard molecular motion a motion 
in the direction of the field, toward the positive electrode 
if a negative ion, toward the negative electrode if a 
positive ion. If this motion takes place in a vacuum, 
so that the mean free path of the ion is large, a com- 
paratively small voltage drop, about 16 volts for air, is 
sufficient to give the ion such a high velocity that it is 
able to knock an electron out of a molecule with which 
it collides. This potential is known as the ionizing 
potential of the molecule, that is, the potential neces- 
sary to knock out one of its electrons and thus make an 
ion of it. As the pressure of the gas increases, however, 
the mean free path decreases until at atmospheric pres- 
sure the air molecule has a mean free path of only about 
0.000004 in. In such a short distance it does not have 
the chance to acquire the ionizing speed except at very 
high potential gradients. 

Whenever a molecule is ionized, the electron which is 
knocked out of it also feels the force of any electric field 
in which it finds itself. As an electron weighs only 
about one sixty-thousandth part as much as an oxygen 
molecule, however, and since the acceleration which an 
object undergoes in a given field is inversely propor- 
tional to the square root of its mass, its acceleration is 
evidently about 240 times that of an ionized oxygen 
molecule. Moreover, due to its increased speed and 
its much smaller size, its mean free path is four times 
the square root of two or 5.66 times that of the mole- 
cule. The electron, therefore, will attain a velocity 
many hundreds of times that attained by an ion in 
the same field. Moreover, because of its smaller 
weight, as compared with that of a molecule, the elec- 
tron cannot lose more than a small fraction of its 
energy in an ordinary collision with a molecule. Thus 
it gradually accumulates velocity until the average 
amount it loses per collision equals that gained between 
collisions, the terminal velocity being a function of 
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PX where E is potential gradient and d is density of 


the air. If the amount of energy represented by this 
terminal velocity is as great or greater than the energy 
necessary to ionize a molecule, such an ionization may 
take place, the probability of the ionization increasing 
rapidly with increase in velocity, up to velocities far 
beyond any which would be given the electron in air 
by an electric field. 


Now let us consider the mechanism of the electric 


spark between two electrodes with a potential gradient 
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between them. Even though this potential gradient 
is far greater than that necessary to ionize the air 
molecules, no spark will take place unless there are 
either ions or electrons present to start the ionization. 
A few ions per cubic centimeter are practically always 
present in the air, however, and new ones are being 
formed, mainly by the action of the penetrating 
radiation recently investigated by Millikan and by 
radioactivity, at the rate of about 12 per sec. per cu. 
em. The electron starts to ionize at a considerably 
smaller potential gradient than does the ion, and even 
though it ionizes only once for every thousand colli- 
sions, an electron would increase to approximately 
485,000,000 in moving onecm. For instance, the mean 
free path of the electron in air at atmospheric pressureis 
about 0.00005 em. If it ionizes once in a thousand 
collisions, it would ionize about 20 times per em. The 
rate of increase in the number of electrons, due to ioni- 
zation by electrons alone, is ene by the equation 
N = ne e?* 
where n is the number of electrons after the initial 
electrons have moved a distance x in the direction of 
the force, % is the number of electrons at x = 0, a is 
the number of ionizations per centimeter, and e is equal 
to 2.71828, the base of the Napierian logarithm. 
Since in our assumption a eguas twenty, n equals one, 
and x equals one, 
n = e” = 485,122,000 

However, one coulomb of electricity equals 
6,280,000,000,000,000,000 electrons, so that this enor- 
mous number of electrons would have to be formed 
per second to have just one ampere of current pass. 
Moreover, as fast as these electrons are produced by 
ionization, they are swept into the positive electrode, 
leaving only the small number spontaneously formed 
by radiation or by radioactivity to carry on the work. 
Evidently, therefore, ionization by electrons alone will 
not produce a spark. 

For each electron set free by collision, however, 
there is also produced a positive ion, which is attracted 
in the opposite direction from that taken by the elec- 
trons. If the potential gradient is sufficient to allow 
positive ions to ionize air molecules by collision, or to 
knock electrons out of the negative sphere, the number 
of electrons produced, immediately increases enor- 
mously. Suppose that only one in a thousand of the 
positive ions produced was able to ionize and that 
this ionization took place close to the negative elec- 
trode, where the potential gradient would be greatest. 
Then one electron, with the help of the electrons which 
it sets free by collision, produces 485,000,000 positive 
ions while moving one cm. Of these positive ions, 
485,000, each ionizing once, then produce 485,000 new 
electrons, which, starting close to the negative electrode, 
each produce 485,000,000 positive ions in moving one 
cm., or a total of 235,000,000,000,000. One one- 
thousandths of these, or 235,000,000,000, produce 
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235,000,000,000 more electrons close to the negative 
electrode, which in turn produce 485,000,000 times 
235,000,000,000 electrons, and so on, all of this happen- 
ing in a very small fraction of a second. The process 
is thus cumulative, the number of ions and electrons 
increasing at an enormous rate, and resulting in a 
flashover between the electrodes. Note that ioniza- 
tion by both electrons and positive ions is essential, 
and that, since the electron ionizes at a lower potential 
gradient than does the positive ion, the probability of 
ionization by the latter is the factor which determines 
the potential gradient necessary to produce a spark 
between the electrodes. This potential gradient has 
been found to be 30,000 volts per em. under standard 
conditions of temperature and pressure. 


The reason for the increased accuracy of the sphere- 
gap at low frequencies when ultraviolet light shines on 
the spheres is now easily understood. The action of the 
ultraviolet light is to liberate electrons from the 
spheres, a phenomenon which has been named the 
photoelectric effect. Thus, when the spheres are 
flooded with ultraviolet light, there is always a large 
number of electrons in the space between the spheres 
to start the ionization, and the instant the potential 
gradient reaches a value of 30,000 volts per cm., a 
spark takes place. When, on the other hand, the small 
number of ions found naturally in the air must be 
depended upon to start the ionization, there may be no 
ions available at the instant the potential gradient 
reaches the required value. This is especially true in 
the sphere-gap voltmeter, in which the potential 
gradient gradually increases as the spheres are moved 
together. The gradient, before it has reached the value 
required for ionization by collision, simply sweeps into 
the spheres whatever ions are present, so that when the 
potential gradient does reach 30,000 volts per cm., the 
diffusion, into the space between electrodes, of ions 
from the outer space must be depended upon to 
start the ionization. This may take an appreciable 
part of a second or even more, during which time the 
spheres are being moved closer together, with the result 
that a higher potential gradient seems to be required to 
flash across the gap than actually is required. Thus, 
the determination of a voltage by means of a sphere- 
gap voltmeter, which is not subject to the action of 
ultraviolet light, may be one or two per cent in error. . 


EFFECT OF HIGH FREQUENCY 


To understand the effect of high frequency on the 
voltage required to spark across a given gap, we must 
consider such phenomena as the mobility of ions, their 
diffusion, and the variation of potential gradient by 
space charge. The effect of the attachment of electrons 
to molecules and the recombination of electrons with 
positive ions to form neutral molecules is negligible in 
the high electric fields used. The mobility of an ion is 
the velocity with which it moves in an electric field. 
The mobility constant is the velocity in centimeters per 
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second attained by an ion, at 760-mm. pressure and 
0 deg. cent., per volt per centimeter of field acting upon 
it. This constant for positive ions in air is 1.32; for 
negative ions, 1.8. In high fields, the mobility is 
nearly independent of temperature, so that the error 
would be small if one neglected to correct gas ion 
mobilities for temperatures above 200 deg. K. The 
mobility of electrons does not vary directly with poten- 
tial gradient, so that for electrons there is really no such 
thing as a mobility constant. The mobility is a func- 
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tion of BE however, where E is potential gradient in 


volts per em. and p is pressure. According to a curve 
for electron mobility in nitrogen in a paper by Compton 
in the Physical Review of 1923, an electron in nitrogen 
at atmospheric pressure would attain a velocity of 
13,800,000 em. per sec. under the action of a potential 
gradient of 30,000 volts per em., or it would be swept 


1 


13,800,000 For air, 


across a gap of one em. in sec. 


instead of nitrogen, the figures would not differ greatly. 
A positive ion, under the same conditions in air, would 
attain a velocity of 30,000 times 1.32 or 39,600 em. per 
sec. If the field were an alternating one, the velocity 
would vary as the voltage varied. For a pure sine 
wave of 30,000 volts per em. effective value, the dis- 
tance traveled by an electronin one sec. in the direction 
of the force would be 12,160,000 cm.; by a positive ion, 
35,650 em. Evidently at 60 cycles both ions and 
electrons would practically all be swept out of the field 
every half-cycle, so that until the potential gradient 
has reached 30,000 volts per cm., there could be no 
appreciable accumulation of space charge to distort 
the field. 


Consider the same phenomena at high frequency, let 
us say at 50,000 cycles per sec. The electrons are 
practically all swept into the spheres every half-cycle, 
just as at 60 cycles. "The positive ions have time to 
move, however, for a gradient of 30,000 volts per cm. 
only about 0.35 cm. during a half-cycle, so that there 
is a rapid accumulation of positive ions in the space 
between the spheres, these ions simply surging back and 
forth between the spheres as the potential gradient 
reverses every half-cycle. 


Consider the effect of this positive space charge on 
the distribution of the total voltage between the 
spheres. If there were no space charge, the electro- 
static flux lines would all extend from the positive to the 
negative sphere, and although the potential gradient 
would be lower halfway between the spheres than it 
would be close to the sphere surface due to the spread- 
ing out of the flux lines, the distribution of the potential 
gradient would be symmetrical with respect to the 
spheres. When a positive space charge is present, 
however, the flux lines do not all extend from the 
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positive to the negative sphere. Allofthem end on the 
negative sphere, but many of them extend out to the 
positive ions in the space between the spheres, instead 
of to the positive sphere. Since the potential gradient 
is proportional to the density of the electrostatic flux 
lines, it follows that the potential gradient between 
spheres is distorted, constantly increasing as the 
negative sphere is approached, or at least being greater 
near the negative sphere than it would be if the positive 
space charge were not present. "Therefore, even though 
the total voltage would otherwise not be able to cause 
positive ionization, this distortion of the field in- 
ereases the potential gradient close to the negative 
sphere sufficiently to allow the positive ions to ionize 
there, where their ionization is most effective in pro- 
ducing a consequent large number of electrons by 
electron collision as the electrons produced by the 
positive ions move to the positive sphere. The volt- 
age required to spark across a given gap, therefore, 
should be less at high frequency than at 60 cycles, 
beeause of the distortion of the potential gradient 
by the positive space charge. 

Let us see how large the effect of this positive space 
charge may be. Consider two spheres, 6.25 cm. in 
diameter, one cm. apart, with a potential gradient of 
30,000 volts per cm. at the surface of each sphere along 
the line joining their centers. The electric charge per 
square millimeter of such surface would be 0.0265 x 10-? 
coulombs to give this gradient at the surface, which is 
equivalent to 0.0265 x 10-? X 6.28 x 10'8 or 166,400,000 
excess electrons on one sphere per square millimeter of 
surface, and an equal deficiency on the other sphere. 
To appreciably distort the potential gradient along the 
line connecting the spheres, it is therefore necessary that 
the space charge, within a column one mm. square 
joining the spheres, be an appreciable fraction of 
166,400,000 ions. If the space charge amounted to 
the full 166,400,000 ions per sq. mm. column, all of the 
flux lines leaving the negative sphere would end on ions 
in the space, and the gradient at the positive sphere 
would be zero. If the distribution of ions were uni- 
form in such a case, the potential gradient at the nega- 
tive sphere would be approximately twice the average 
gradient. Actually the distribution is not uniform, but 
the ions are concentrated mainly near the spheres, as 
is evident when one consideres their method of produc- 
tion. The potential gradient would then change 
rapidly in the vicinity of the spheres, but the maximum 
gradient would still be approximately twice the average 
gradient. If the space charge amounted to 20 per cent 
of this 166,400,000 ions per sq. mm. column, the maxi- 
mum gradient would be increased about 10 per cent. 
This increase would hold for a 20 per cent space charge, 
regardless of the distribution of the space charge, as 
long as the distribution was symmetrical with respect 
to the spheres, as it would very nearly be for high- 
frequency voltage impressed across the gap. To pro- 
duce at high frequency a 14 per cent increase in the 
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maximum potential gradient as compared with the 
maximum potential gradient corresponding to a total 
voltage between spheres at 60 cycles would require 
about 37,000,000 ions of space charge per sq. mm. 
column one cm. long connecting the spheres along their 
line of centers. When one considers that a single 
electron, ionizing 20 times in traveling one cm., is respon- 
sible, with the aid of the electrons it sets free, for the 
production of 485,000,000 positive ions, it is evident 
that a space charge of 37,000,000 ions per sq. mm. 
column per em. is not only possible, but may be formed 
in a very small fraction of a second, provided the posi- 
tive ions are not swept into the negative sphere as soon 
as formed, as is the case at 60 cycles, but are held in the 
field, merely oscillating slightly about positions of 
equilibrium, as is true at high frequency. This explains 
why a smaller voltage is required to produce a spark 
across a given gap at high frequency than at 60 cycles. 

Let us now consider the effect on the space charge, 
and therefore on the voltage for a given gap, of gradually 
increasing the frequency. At 30,000 volts per cm. 
effective value, we have found that the average velocity 
of the electron over a half-cycle is 12,160,000 cm. per 
sec. Therefore an electron could get across a one-cm. 
gap up to a frequency of about 6,000,000 cycles. The 
corresponding velocity of the positive ion is 35,650 em. 
persec. "Therefore a positive ion could be held oscillat- 
ing between spheres for a frequency as low as 18,000 
cycles, provided it were formed at just the right part 
of the cycle. At such a frequency, however, only a 
small percentage of the positive ions formed would be 
held in the space between spheres, the rest being sucked 
into the spheres. Therefore only a small space charge 
would accumulate, and the voltage necessary to produce 
a spark would be very little less than that required at 
60 cycles. As the frequency increases, the distance 
the positive ions move in a half-cycle decreases, until 
at 60,000 cycles this distance is only 0.297 em. for a 
potential gradient of 30,000 volts per cm., and cor- 
respondingly less for any smaller gradient. Note how 
many ions are now held in the field. If an electron, 
on the average, ionizes 20 times in traveling one cm. 


1 
in the direction of the field, ( 1 — ps ) or 63.2 per cent 


of the positive ions, when the first stream of electrons is 
sucked out of the gas, are within a twentieth of a cm. 


1 
of the positive sphere; (1 — z) or 86.4 per cent 


are within two-twentieths; 95.02 per cent, within three- 
twentieths; 98.77 per cent, within four-twentieths, ete. 
At the end of the first cycle, however, all of these ions 
have moved away from this sphere a distance of 0.297 
cm. for a 30,000-volt gradient, and, except for the effect 
of diffusion, these ions cannot be captured by the 
spheres, If we assume that half of the maximum volt- 
age of the cycle is necessary to allow the electrons to 
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ionize appreciably, so that the first appreciable ioniza- 
tion occurs when one-sixth of the half-cycle is completed, 
all of the first ions formed which were produced within 


0.297 
6 
into the sphere during the following half-cycle. This 
leaves 36.8 per cent of the ions to accumulate for the 


space charge, since the assumption that the electrons 
ionize 20 times per cm. means the production of 


or 0.05 em. of the positive sphere will be sucked 


1 | 
( l- ps ) or 64.2 per cent of the ions within 0.05 em. of 


the positive sphere. Of the ions formed at the first 
third of the half-cycle, 18.53 per cent accumulate for 
the space charge; of those formed 30 deg. later, 4.98 
per eent accumulate, etc. 'Thus approximately 10 
per cent of all the ions formed are held for the space 
charge, neglecting the effect of diffusion. 

This effect, however, is. not negligible, since the rate 
at which the ions are lost by diffusion increases with the 
concentration of the ions. The number lost by diffu- 
sion is given by the formula 

: dn 
N=D T- 


where N is the number diffusing per second across the 
area dx dy when the space rate of change in the 


dxday 


dn 
concentration in the z direction is dz? and D, the dif- 
fusion constant, equals 0.028 for positive ions in dry air 


and 0.032 in moist air. Since £L for large ion con- 
centration may be many millions, the number of ions 
lost by diffusion is far from negligible, and, since the 
number of ions formed per second is practically inde- 
pendent of ion concentration, and the number lost by 
diffusion increases with increase in concentration, evi- 
dently a terminal condition will be reached when the 
rate of ion loss equals the rate of gain. "This terminal 
condition determines what space charge will be accumu- 
lated, and therefore how much the potential gradient 
will be distorted. 

Since the terminal condition depends on' the rate of 
ion gain, it is at once evident that a lower voltage should 
be required at high frequency when the action of ultra- 
violet light provides an ample supply of electrons in the 
gap to start the ionization than is required when the 
number of electrons is limited to those naturally at 
hand. The decrease in the required voltage as the fre- 
quency increases is also easily understood, since the 
higher the frequency the larger is the percentage of ions 
which are retained in the gap, and therefore the larger 
is the rate of ion gain. But above a frequency of 60,000 
cycles, we find that the voltage required to flash across 
a given gap no longer decreases with an increase in 
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frequency. To understand this, we must consider the 
distribution of ions in the gap at different frequencies 
The distribution is always symmetrical with respect to 
the spheres. At the lowest frequencies at which it is 
possible for a space charge to accumulate, the distri- 
bution throughout the gap is fairly uniform, since the 
ions can move almost across the gap in a half-cycle. 
As the frequency increases, the ions tend more and more 
to concentrate close to the surfaces of the spheres, since 
this is the position in which most of them are produced 
and the time allowed for them to move away is inversely 
proportional to the frequency. This concentration near 
the sphere surfaces, of course, increases the loss of ions 
by diffusion, and at some frequency this increased loss 
of ions must neutralize the increased rate of production. 
Our data show that this frequency is about 60,000 cycles 
per sec., both when the spheres are subject to the 
action of ultraviolet light and when they are not. 
That the action of ultraviolet light should not change 
this limiting frequency is predictable from our theory, 
since the effect of concentration of ions near the sphere 
surface in increasing diffusion depends merely on the 
frequency, not on the rate of ion production. 


COMPARISON OF PRESENT RESULTS WITH THOSE OF 
PREVIOUS INVESTIGATORS 


Since other investigators used spheres of various 
sizes and the voltage necessary to flash across a gap 
depends on the size of the spheres, actual voltages 
for a given gap will not check. The percentage 
variation of the high-frequency curves from the 60 
cycle curves should be substantially the same for 
spheres of all sizes, however, and the results of other 
men should at least approximately check our own, 
provided all results compared are fairly correct. The 
data of Ryan and Clark were taken for 123,000, 255,000, 
and 612,500 cycles, a single curve being drawn through 
all of the points. This curve, changed to standard con- 
ditions and plotted on the same sheet with a 60-cycle 
curve, calculated for seven-in. spheres, may be com- 
pared with our own results. For a one-in. gap, their 
high-frequency curve lies 18 per cent below the 60-cycle 
curve; for the same gap our curve lies 12.8 per cent 
below, a very close check. A comparison with Peek’s 
40,000-cycle curve shows his high-frequency curve to 
lie considerably lower than our own. Peek’s own con- 
clusion, however, is that its extreme lowness is due to 
rough spots on the spheres, as no special care was taken 
to polish them. The comparison with Alexanderson’s 
results can be qualitative only, since he gives results 
only for 100,000 volts, a higher voltage than we used. 
Also he does not definitely state the frequency used, 
although the text would seem toindicate that it was in the 
vicinity of 100,000 cycles. Moreover, he does not state 
whether or not one sphere was grounded. If one sphere 
was grounded, as it probably was, his high-frequency 
curve lies about 14 per cent below the 60-cycle curve, 
which agrees very well with our results. Alexanderon’s 
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spheres were highly polished. No results for tests at 
frequencies between 60 and 500 cycles have been 
published. The fact that our curves for 60, 133, 250, 
and 500 cycles all coincide, however, as theory says 
they should, leaves little doubt as to the accuracy of 
these curves. The close agreement of the results of 
Ryan and Clark and of Alexanderson with our own for 
the féw frequencies tested by these investigators gives 
us confidence in the reliability of our other curves for 
which no comparison with previous investigations 
is possible. 


CONCLUSION 


The effect of high frequency is to decrease the voltage 
necessary to flash across a given gap between spheres. 
This effect starts at about 20,000 cycles, and increases 
up to about 60,000 cycles, after which there is no 
further change. 

At and above 60,000 cycles, the voltage required to 
spark across a one-in. gap is about 18 per cent lower 
than at 60 cycles, provided only electrons occurring 
naturally in the gap are available to start the ionization. 

At high frequency the voltage corresponding to a 
given sphere-gap depends on whether or not the 
spheres are acted upon by ultraviolet light, the effect 
of this light being to reduce the required voltage by 
about 3.5 per cent. 


A fairly wide variation in the intensity of the ultra- 
violet light makes no perceptible difference in the volt- 
age necessary to produce the flashover, although it 
probably does change the time necessary to set up the 
space charge. 

That the space charge, when ultraviolet light is used, 
reaches a terminal condition in a small fraction of a 
second is shown by the theory. Our results corrobo- 
rate this, as far as they go. For instance, while taking 
the run at 127,120 cycles, using ultraviolet light, a 
gap of 0.827 in. flashed across when the electroscope 
deflection was 61.1 deg. The reading was repeated, 
the gap being left at 0.827 in. and the voltage being 
brought up gradually until the deflection of the gold- 
leaf was 61.0 deg. This voltage was held for 314 min. 
without a flashover taking place. The instant the 
deflection became 61.1 deg., the flash occurred, just 
as it had for the preceding reading. Evidently, when 
ultraviolet light is used, the distortion of the potential 
gradient occurs almost instantly, a wait of 3144 min. 
not changing it so much as one part in 600. 

That this is not true when ionization is left to the 
ions found naturally in the air is demonstrated by the 
relative inaccuracy of the sphere-gap under these 
conditions. 

Our tests disagree with the prediction of Peek that 
if the spheres are highly polished no difference should 
be found in the voltage required to spark across a given 
gap at high frequency and at 60 cycles. Moreover, 
we do not believe that a skight roughness has any 
appreciable effect. Undoubtedly, rough spheres will 


. at 60 cycles. 


REUKEMA: FREQUENCY AND SPARK-OVER VOLTAGE 47 


allow a spark to pass at a lower voltage than will 
polished spheres, the rough points forming starting 
points for corona, and for very rough spheres this 
effect will probably be greater at high frequency than 
The slight tarnish due to several hundred 
flashovers is not sufficient to show any such effect, 
however. At both 60 cycles and at high frequency 
our tests showed absolutely no difference in the spark- 
over voltage required, whether the spheres had just 
been polished on a power buffer or whether as many as 
1000 flashovers had preceded the ones measured since 
the spheres were polished. 

The effect of frequency on sparkover voltage between 
spheres depends on the distortion of the potential 
gradient by the positive space charge which accumulates 
in the gap at frequencies above about 20,000 cycles per 
sec. For each frequency the space charge which 


. accumulates, and therefore the minimum voltage which 


will allow a spark to pass, depends on the relative ratio 
of production and of loss of positive ions. 


The photoelectrie action of ultraviolet light on the 
spheres makes available a large number of electrons in 
the gap at all times to start ionization. "The difference 
in the rate of production of positive ions, thus brought 
about, explains the decreased voltage required when the 
spheres are flooded with ultraviolet light. 


'l'he inereased percentage, as the frequency increases, — 
of the positive ions which are held in the gap to form a 
space charge, explains the gradually decreasing voltage 
required to spark across a given gap as the frequency 
increases, up to 60,000 cycles per second. 

The increased concentration of the space charge 
close to the surfaces of the spheres, with its consequent 
increased loss of ions by diffusion, explains the fact that 
above 60,000 cycles there is no further decrease in the 
voltage required to spark across a given gap, at least 
not until the frequency is above about 6,000,000 cycles 
for a one-cm. gap, when ionization by electrons alone 
should be sufficient to produce a spark, the electrons 
moving a distance less than the gap in a half-cycle, and - 
therefore accumulating in the gap. 

In conclusion we wish to express our debt to the many 
persons from whom we have received aid. Professors 
L. B. Loeb, C. L. Cory, and G. L. Greves have guided 
the research and helped with many valuable sug- 
gestions. Mr. R. P. Crippen worked jointly with the 
author in the early part of the investigation, and a 


large share of whatever of value the work contains 


should be credited to him. 

We are indebted to the Regents of the University of 
California for financial assistance which made possible 
the research, and to the Federal Telegraph Co. for its 
generous loan for several months of a two-kw. Poulsen 
arc. | 

Mr. Pemberton and Mr. Cox of the University of 
California aided in the construction of the apparatus. 

I would acknowledge with special gratitude the 
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splendid cooperation of my wife, who has worked with 
me far into the night for months in the accumulation 
of the experimental data, and whose cheery optimism 
throughout the research has been an inspiration. 
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Discussion 

H. J. Ryan: The paper of Professor Reukema contains an 
important addition to the faets and their understanding regard- 
ing the frequency-voltage flashover relation of the sphere-gap 
voltmeter. 

It may not be generally known that the voltages employed 
in some of the long-distance radio communication services are 
about on a par with those employed in long-distance transmis- 
sion of power. The losses in the air and other insulating media 
funetioning in the long-distanee high-voltage radio transmitters 
oceur at critical values, above which they increase with enormous 
rapidity. 

It is vital, therefore, to have reliable means for measuring 
the crest values of such radio-frequency voltages. Because 
such voltages always conform closely to sine voltages, their 
effective values are deduced from reliable sphere-gap crest 
voltages with corresponding reliability. 

The author has employed excellent strategy; he has most 
liberally applied well directed energy and enthusiasm to the 
study upon which the paper is based. I believe that his theory 
will be helpful, in extending the calibrations and uses of the 
sphere-gap for all voltage frequencies and values. 
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Those taking up such work should remember the author's 
diseovery of the effect of ultra-violet light upon the manner 
in which the sphere-gap voltmeter functions, and the promise 
it gives for the improvement of sphere-gap voltmeter consistency. 

May I add just a word in regard to the point-gap discharge 
at radio-frequency high voltage. In 1915, one of my graduate 
students and I made a limited study of this subject, and from 
the results obtained at the time I can confirm the author's 
impression in regard to the behaviour of point-gaps. We 
employed a comparatively blunt point discharge to a plate. 
The plate was grounded; so was one terminal of the 88,000- 
cycle source. 46,000 volts discharged through 14 in. (See 
Proc. I. R. E., Vol. 3, p. 362.) The radio-frequency kv. per in. 
diminished as the distance from the blunt point to the plate was 
increased from 2 to 16 in. At 2 in. the kv. per in. equaled 4, 
and at 16 in., 1.4 kv. per in. 

Regarding harmonies set up by the are in these studies: 
The eathode-ray eyelograph was used to observe the presence 
or absence of harmonics in the undamped high-voltage radio- 
frequency waves developed by the are. They were absent. 

R. J.C. Wood: Itis quite encouraging to find out what Pro- 
fessor Reukema has shown us,—that there is only 13 per cent 
diminution of voltage required over a given gap when the fre- 
quency increases up into the hundreds of thousands. 

When we were going through the birth-pains of the 220-kv. 


lines, we were told in certain quarters that we were going to 


encounter a great deal of difficulty from high frequencies, which 
would enable comparatively small voltages to jump enormous 
distances. Very fortunately we seem to have established the 
fact that the higher frequencies do not exist in the line, so that 
removes that trouble, even if it were a fact that high frequency 
would jump great distances. 

I should like to ask Professor Reukema whether he has carried 
this investigation beyond the point of using spheres—whether 
he has found any relation with point-gaps; presumably the 
decrease in the voltage between spark-points is considerably 
less at high frequencies than it is between spheres. 

F. O. McMillan: I should like to ask Dr. Reukema whether 
he has done any experimental work on the measurement of 
high-frequency voltages with one sphere of the sphere-gap 
grounded. The published results as I understand the curves, 
are all for the ungrounded sphere-gap. 

It may be possible that some of the reduction in the high- 
frequency sphere-gap spark-over voltages found in these experi- 
ments may have been due to the capacitance to ground of the 
apparatus shifting the voltage distribution on the dividing con- 
densers for the electroscope during the high-frequency measure- 
ments, the voltage division becoming normal when the 60-cycle 
voltage was applied on account of the neutral ground on the 
60-cycle transformer. 


D. I. Cone: In the work of which this paper is a record 
extraordinary precautions were taken to test the presence of 
harmonies in the wave. I believe it would be helpful for Dr. 
Reukema to describe these tests more fully. 


Joseph Slepian: Mr. Reukema has made a very valuable 
contribution to our knowledge of spark-over in air at atmospheric 
pressures, and in the development of an explanation of his 
results, has given us an extremely lucid picture of the Townsend 
theory of spark-over depending on the cumulative interaction of 
ionization produced by the collisions with molecules of both the 
positive and negative ions. 

Lest there be misunderstanding, however, one point should 
be particularly stressed, and that is that the observed lowering 
of the sparking potential is a result of the application of 
sustained high-frequency voltage. If the voltage is applied 
in the form of rapidly damped pulses or wave trains, the sparking 
potential is raised and not lowered, as was shown by Leontiewe 
and Algermissen. 

The success which Mr. Reukema has in explaining his results 
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on the basis of the Townsend theory brings out sharply the 
dilemma to which Rogowski called attention recently in the 
Archiv fur Elektrotechnik. The Townsend theory has been 
extremely successful when applied to gases at low pressures, 
and even at atmospheric pressure will account for the observed 
relation between sparking potentials and electrode size and 
spacing. However, since it makes essential the ionization by 
collision of positive ions, it requires for the development of the 
spark a time at least longer than the time for a positive ion to 
traverse the spark-gap. Hence with Mr. Reukema’s value of 
39,600 cm. per sec. for the velocity of the positive ion under 
@ gradient of 30,000 volts per em. it would take at least 25 
micro-seconds for the spark to develop for a 1-em. gap. Actually, 
however, spark-over occurs in a fraction of a micro-second when 
potentials slightly above the sparking potential are applied. 
Until this difficulty is cleared up, the use of Townsend’s theory 
at atmospheric pressures will be open to question. 

It may be that simple ionization by collision is adequate to 
represent the very first stages of the development of the spark, 
but that after a certain critical density of ionization is reached, 
which takes only a very small fraction of a micro-second for or- 
dinary sparking-potential experiments at atmospheric pressure, 
Townsend’s description of the phenomena in terms of the two 
ionizing constants œ and 8 becomes inadequate. In that case 
Mr. Reukema’s theory of the lowering of the sparking potential 
by sustained high frequency need concern itself only with the 
development of a critical density of ionization, and does not 
need to be tied up with the Townsend theory of the develop- 
ment of the spark itself. 

L. E. Reukema: The first question concerns the effect of 
high frequency across needle-gaps as compared with the effect 
across the sphere-gap. It seems to me that the same factors 
would come in, but to a more pronounced degree when using 
needle-gaps. In sphere-gaps no corona can form before the 
break-down occurs. <A positive space charge accumulates at 
high frequency, but no more corona would form than at 60 
eyeles, which is none at all. With needle-gaps we have corona 
forming, and the higher the frequency the greater the loss due 
to the formation of the corona. Whenever corona forms we 
have both electromagnetic radiation and increased temperature, 
both of which produce more ionization. 

I have no experimental data on needle gaps, but I should 
say that the effect of high frequency on the needle-gap would 
be greater than on a sphere-gap. 

As to the effect of grounding one sphere, naturally when one 
sphere is grounded a lower voltage will produce a flashover 
than if one is not grounded, simply due to the fact that this will 
distort the electrostatic field so as to produce a higher gradient 
at one sphere than would exist if one sphere were not grounded. 
However, it seems to me that grounding one sphere would not 
appreciably change the results we obtained at high frequency. 

I did not make the test because the accuracy of my method 
depended on having the electroscope at essentially ground 
potential when I made the measurements. If one sphere were 
grounded, it would necessarily throw the electroscope off ground 
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potential, which, as Mr. McMillan suggests, would introduce 
an error due to the capacity between the electroscope and 
ground. 

Although I did not make the test, however, I thought of it 
quite thoroughly, and judging from the results obtained and the 
theory involved it seems to me that the results should be very 
nearly the same whether or not one sphere is grounded. The 
curves themselves would not hold, but the fact that the curves 
lie a certain percentage below the 60-cycle curve would hold. 
The same percentage drop should hold when one sphere is 
grounded as when it is not. | 

The possibility of error in the results due to the presence of 
harmonics in either 60-cycle or high-frequency waves has been ` 
suggested. Three years ago I had the privilege of talking this 
subjeet over with Dr. H. J. Ryan, and he told me then what he 
has told now, that the effect of the harmonies is negligible in 
the high-frequeney wave obtained with the Poulsen are, es- 
peeially when the amount of induetanee used is very large, 
asit wasin my experiments. 

However, to be absolutely sure that any harmonies present 
were negligible, careful tests were made with a wave meter. 
When testing for the fundamental frequency, the needle of the 
wave meter would be thrown off seale if the meter were brought 
closer than about 5 ft. from the inductance coils used. However, 
with the wave meter set for any harmonic of the fundamental, 
the meter could be brought right up to the coil, indeed, could 
be placed inside the coil, without any perceptible movement of 
the needle. Evidently, therefore, none of the harmonics was 
large enough to produce a perceptible deviation from a pure 
sine-wave form for the high-frequency waves. 

For the production of the 60-cycle voltage an alternator was 
used which gave practically a pure sine wave. However, 
certain small irregularities in the wave form were brought in by 
the harmonics in the exciting current of the transformers used, 
these harmonies causing a very slight voltage drop in the trans- 
formers and a resultant slight change in wave form. 

For that reason, on the high-tension side of the transformers, 
a series of oscillograms was taken for the range of voltage used 
in the tests. These oscillograms were then analyzed carefully. 
The maximum deviation of form factor of the waves tested 
from that of pure sine waves was 1.8 per cent, the average 
deviation was 0.8 per cent, certainly much too small to account 
for more than a negligible part of the 13 per cent decrease in 
flashover voltage found for high frequencies. Moreover, 
these deviations were definitely taken into account in plotting 
the curves, so that wave form could not bring in an error of 
more than about 0.1 per cent. 

Mr. Slepian’s statement that the results hold only for sustained 
high-frequency waves is important. For waves generated by 
Poulsen ares, vacuum tubes, or high-frequency alternators the 
curves are accurate. For the damped waves of an impulse 
oscillator, they do not hold, since the time between successive 
wave trains is sufficient to change radically the space charge 
between the spheres, which is the cause of the decrease in 
fiashover voltage at high frequency. 


The Space Charge That Surrounds a Conductor 
in Corona 


BY JOSEPH S. CARROLL: 


Associate, A. I. E. E. 


Synopsis.—A qualitative analysis of the nature of the space 
charge created about a conductor in corona, particularly with respect 
to relative magnitudes and polarities, rather than actual quantitative 
measurement, is described here. This work was the principal work 
on corona during the past year in the Ryan High-Voltage Laboratory. 

In tests with the arrangements of a wire and a plane, and of a wire 
and a cylinder, a decided rectifying effect was discernible in the space 
about the conductor in corona, in that that region was built up to a 
unidirectional potential above ground, the magnitude and polarity 
of this potential depending on the voltage applied. In both of these 
set-ups, this net rectification, which is evidently caused by some 
differential action entering into the tonization process, was of a 
positive sign at the start of corona, but changed over to negative as the 
voltage was raised. 

In a test made on two 1.1-in. diameter, parallel concentric strand 
copper conductors, 10 ft. apart, the space between them was found to 
have assumed a potential above ground when the conductors were in 


GENERAL EXPERIMENTAL STUDY OF SPACE CHARGE 


HE continuation of the study of the nature of the 
space charge that surrounds a conductor in corona 
was made during the past year in the Ryan High- 

Voltage Laboratory by attacking the problem from 
several different angles.’ 


One of the simplest cases giving evidence of the 


presence of a space charge is in the time-honored set-up : 


of the wire at the center of a cylinder. If the cylinder 
is connected to ground through a condenser and a d-c. 
galvanometer is shunted across the condenser and then 
alternating voltage is applied to the wire at the center 
of the cylinder, the galvanometer will indicate, in the 


usual set-up, the presence of a unidirectional current 


as soon as corona appears on the wire? If the gal- 
vanometer shows a deflection, it indicates that some of 
the space charge that is planted about the conductor 
is getting over to the cylinder. Since the sign of the 
charge leaving the conductor reverses each time the 
voltage reverses, the deflection of the galvanometer 
indicates that charges of only one sign get over to the 
cylinder or that more of one sign than the other gets 
over. With the ordinary set-up, this unidirectional 
current is usually from the cylinder to ground at first 
but as the voltage is raised the galvanometer indicates a 
reversal of current. The reason for this will be taken 
up later. 

If the wire and cylinder be replaced by a wire and 
neutral plane, the circuit connections being the same as 
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corona, the sign of this charge being negative at first, and then 
positive as the voltage increased. Tests were also carried out on a 
single brush, and on a rod fitted with ''artificial" brushes. 

In a corona-loss curve taken on the two cable conductors it was 
found that at the same voltage at which the sign of the rectified space 
charge had reversed, there was a ''break" in the curve. This 
*break"" corresponded to the point above which Peek’s quadratic law 
of corona holds, and below which he has suggested the entrance of a 
probability relation. 

A final field test was made at a span of the 220-kv. Pit River Lines 
of the Pacific Gas and Electric Co., in order to ascertain the magni- 
tude and polarity of the charge buili up about a high-voltage line in 
service. A negative polarity was found to be present as far down as 
30 ft. below the conductors. Although the voltage was raised to 
260 kv., the charge remained negative, indicating that the line at its 
normal 220-kv. potential was operating at a point on the corona- 
loss curve appreciably below that where the break occurs in the curve. 


those described in the use of the cylinder, the results 
obtained will be similar. 

A little more as to the nature of the space charge can 
be learned by the set-up shown in Fig. 1. This method 
has been used by several others in.the past and is not 
given here as anything new, but only to complete the 
story.34 If, for example, the plate is made positive 
with respect to the wire mesh, part of the negative ions 


arriving at the wire mesh will be drawn through to the 


plate where they will give up their charge which will 
then produce a deflection of the galvanometer. The 
relative amount of the space charge arriving at the 
neutral plane ean be observed under different conditions 
with respect to voltage, size of wire, distance of wirefrom 


Wire = —— 


plate, ete. A great deal of work has been done along 
this line by Mr. Willis. A characteristic plot of results 
that were obtained by the authors using the method 
just described is given in Fig. 2. The curves show 
that the positive ions reach the neutral plane at a lower 
applied voltage on the wire than do the negative ions. 
The number of negative ions reaching the neutral 
plane, however, increases more rapidly with an increase 
in applied voltage than does the number of positive ions. 
If it were not for the fact that a single brush from a 
point has almost the same characteristic curves as those 
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in Fig. 2, except with reverse polarity, it might not be so 
difficult to offer an explanation for the form of these 
two curves. If high-voltage direct current is applied 
to the wire instead of alternating current, and the corona 
current plotted against the applied voltage with the 
wire positive and then with the wire negative, the results 
will not differ much in form from those shown in Fig. 2.5 
Three of the factors that help to determine the form of 
these curves are the mobilities of the ions, their rate 
of manufacture and the amount that their presence 
disturbs the normal field. 

One of the most important things is lacking in the 
results obtained by means of the set-up shown in Fig. 1 
and that is the time element. In other words, what is 
the wave form of the current produced by the arrival of 
this space charge at the neutral plane? Since the action 
is cyclic, it was à comparatively easy matter to deter- 
mine the form of this wave. The set-up shown in 
Fig. 3 was evolved. The principle made use of here is 
very simple: If a charged electroscope is brought near 
to a conduetor in corona, it will be discharged, of 
course, by the attraction of the ions which will neutralize 
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Fig. 2—CurvVEsS SHOWING THE AMOUNT OF POSITIVE AND 
NEGATIVE CHARGE ARRIVING AT THE NEUTRAL PLANE IN 
RELATION TO THE APPLIED VOLTAGE. A No. 14 PorisHED 
COPPER WIRE 5.5 IN. FROM NEUTRAL PLANE. 


its charge. Now suppose instead of exposing the 
electroscope continuously, a synchronous shutter be 
provided that will expose it for only a certain portion 
of the cycle. If the rate of discharge of the electro- 
scope be noted as the shutter is operated at different 
phase angles with respect to the applied voltage, the 
determination of the wave form can be made. This 
synchronous shutter arrangement was obtained by 
means of a four-pole synchronous motor driving a 
12-in. aluminum disk with two radial slots 3.5 in. long 
and five deg. wide; see Fig. 3. This disk rotated under 
a metal plate in which there was a slot the same size 
as those in the disk and the position of the disk was 
such that the slot in the plate and a slot in the disk 
came in line once each cycle. When these slots coin- 
cided, the plate of the charged electroscope could draw 
through some of the ions that arrived at the metal 
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plate, thereby discharging the electroscope. The rate 
of the discharge of the electroscope is a measure of the 
relative number of ions arriving at the neutral plane at 
that instant. The phase angle of the motor driving the 
disk was changed by means of a phase shifter and in 
this way the action over a complete cycle could be 
observed with the electroscope charged positively and 
then. with it charged negatively. The electroscope 
was charged after each reading by means of a well- 
insulated switch, Sı. A 1050-kv-a., 60-cycle, sine wave 
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generator was used in this work. To determine the 
phase position of the synchronous disk with respect to 
the applied voltage, a contactor C was arranged on the 
disk so that it closed a circuit at the instant when the 


_ Slot in the disk and the slot in the plate lined up. With 


switch No. 2 closed in the A position, a click could be 
heard in the phones when the contactor closed the 
circuit. By shifting the phase angle of the revolving 
disk, a position on the phase shifter could be found 
where there was no click, which indicated the zero 
point of the voltage wave. Since the motor used could 
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Fic. 4—Curves SHOWING THE RELATIVE AMOUNT OP 
CHaARGB ARRIVING AT THE NEUTRAL PLANE AT THE VARIOUS 
PHASES OF THE VOLTAGE CycLE. A No. 14 POLISHED COPPER 
Wire 5.5 IN. FROM THE NEUTRAL PLANE 


come into step with the disk in one of two phase 
positions, 180 deg. apart, it was necessary to be certain 
that this phase was the same each time the motor was 
started up. To do this, switch No. 2 was closed in B 
position and with the phase shifter at the same angle 
each time the motor was made to come into step so that 
the d-c. voltmeter read positive. 
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The results obtained by this method are qualitative 
only but they give additional information that cannot 
be secured otherwise. Curves shown in Figs. 4, 5, and 6 
were obtained by means of this set-up and will be dis- 
cussed later. 

Since the field about a wire above a neutral plane is 
not symmetrical, it was decided to find out what the 
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Fig. 5— THE Same as Fic. 4 Except THE Wire Hap BEEN 
OUT IN THE WEATHER FOR Two YEARS WHICH Hap OXIDIZED 
Its SURFACE 


effect on the form of the curves would be of a uniform 
radial field. The metal plate was replaced, therefore, 
by a 15-in. diameter metal cylinder having in it a slot 
which occupied the same position over the disk as the 
slot of the metal plate. The data for the curves shown 
in Figs. 7, 8, and 9 were then taken. | 
The curves of Figs. 4 to 9 show that, except for magni- 
tude, there is very little difference in the form of the 
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Fig. 6—TuE Same as Fic. 4 Excerpt A No. 10 POLISHED 
ALUMINUM WIRE Was USED; Its DisTANCE FROM THE NEUTRAL 
PLANE Was 10 IN. 


positive and negative halves of the wave. A very 
important thing to note is the arrival of the charge at 
the neutral plane or cylinder sometime after the voltage 
on the wire has reversed. 

There are two fields involved in the drive of the ions 
across the space, that of the wire itself and that due to 
the space charge, and the results have shown the latter 
field to be of considerable importance. In Figs. 4, 5, 


and 6, the positive charge continues to arrive at the 
grounded plate even after the voltage on the wire has 
reversed and reached its negative crest. This is also 
true for the negative charge and may be attributed to 
the diffused state of the ions caused by the unsym- 
metrical field between wire and plane. In the case of 
the cylinder where the field is radial, there is little or no 
time when there are ions of both signs present at the 
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Fic. 7—TxHeE SAME As IN Fia. 4 Except ror A No. 16 
POLISHED COPPER WIRE AT THE CENTER OF A 15-IN. CYLINDER 


same instant during the cycle. Figs. 4 and 5 show 
the difference between a polished wire and one covered 
with oxide. The positive and negative charges seem 
to come in at approximately the same voltages with 
the oxidized wire. An enameled wire was tried also 
and the curves were similar to those for the oxidized 
wire. Had a curve been taken at a little higher voltage 
with the polished wire, the negative charge would have 
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Fig. 8—Cowpucrons or DIFFERENT DIAMBTERS AT THE 
CENTER OF A 15-IN. CYLINDER. APPLIED VornTAGE Harp 
CoNSTANT FOR ALL THREE aT 70 Kv. 


exceeded the positive as it did in the case shown in 
Fig. 6. 

(Since the scale used for plotting the flow of charge 
was dependent upon the rate of fall of the leaf of the 
electroscope, which in turn was dependent upon the 
position and calibration of the electroscope, the only 
quantitative comparison of curves that can be made is: 
Fig. 4 with respect to Fig. 5 and Fig. 7 with respect to 
Fig. 8.) 
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It was found that curves obtained with a polished 
copper wire were practically identical with those secured 
with a polished aluminum wire of the same size under 
similar conditions. 

In Fig. 9, with the kenotron in the wire circuit, the 
increase in the flow of charge is to be noted as the 
voltage on the wire goes over its crest having the same 
sign as the charge. This increase in the flow of charge 
is due only to the increase in the field driving the ions 
across. : 

Various attempts have been made to compute the 
movement of ions with conductors in corona. In 
order to do this, some have assumed varying mobilities 
for the ions which in our opinion is not justifiable until 
more data concerning the nature of this space charge 
are available. 

If. the distance from the wire to the grounded plane or 
cylinder be made sufficient, charges of both signs will 
not get across, but in no ease in our tests was the 
distance so great that none of the charge of either sign 
got over when corona was present on the conductor. 
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Fic. 9—SaAME AS IN Fic. 7 Except VOLTAGE WAS APPLIED 
TO THE WIRE THROUGH A KENOTRON 


In fact, charges were found 30 ft. out from a conductor 
of a 220-kv. commercial power line on which there was 
but slight corona. This test will be discussed more 
fully later. 

For a limited space about a conductor in corona, the 
sign of the charge is reversed at each reversal of voltage. 
Beyond this space, charges of only one sign appear, 
which faet is undoubtedly due to a differential effect 
of the alternating charge near the conductor. The 
polarity of this charge is not the same for all conditions. 
In general, with an unpolished conductor out in the 
open, such as a transmission cable, the charge is negative 
at the first appearance of corona but as the voltage is 
raised it changes over to positive. If the wire is highly 
polished and near the neutral plane, however, the charge 
is positive at first and then negative. If the distance to 
the ground electrode is relatively great, the actual flow 
of rectified current to supply this outer charge is very 
small. In some cases, however, the potentials built up 
by the charges are fairly great. 
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If in the case of the wire and cylinder some method 
is used to neutralize or balance out the charging current 
from the cylinder to ground that would flow if corona 
were not present, the current that remains is commonly 
called the corona current. The latter is made up of two 
elements; namely, the ions that actually reach the 
cylinder and the bound charge that is drawn to the 
cylinder by the ions that leave the wire but do not get 
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across. The question arose here as to what percentage 
of this current was due to the ions that arrived at the 
cylinder. The set-up in Fig. 10 was used to obtain the 
corona current. Below the corona starting voltage, a 
position was found on the potentiometer control such 
that there was no deflection of the cathode ray. This 
point, once found, would be the same for all voltages, 
so that when corona came in, the deflection of the 
cathode ray would be due to the voltage across the con- 
denser, caused by the corona current only. The value 
of this voltage was determined from the amount of 
deflection of the cathode ray, and with the capacitance 


.of the condenser known, the average value of the corona 


current was computed. The set-up in Fig. 11 was 
next used to determine the current produced by the 
ions actually reaching the cylinder. The principle is 
the same as that shown in Fig.1. In this case, however, 
it was necessary to trap all the ions reaching the center 
section of the cylinder; therefore, a wire cylinder of 
1(-in. mesh was fitted inside of the sheet metal cylinder 
with eighth-in. hard rubber strips separating the two. 
The main difficulty with this set-up was involved in 
completely separating the positive and negative ions. 
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With the a-c. voltage held constant on the wire, which 
was in corona, the d-c. voltage applied to the sheet 
metal cylinder was increased in steps from zero to 
1000 volts and galvanometer readings were taken 
for each voltage. It was hoped that a plot of these 
values would give a saturation curve indicating a com- 
plete separation of the positive and negative ions, but 
this was not found possible in this case. A wire screen 
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with smaller mesh was also tried but was even less 
effective. Using the average value of the current, 
however, as read by means of the galvanometer, when 
there was 1000-volt direct current on the metal cylinder, 
it was found in the ease of the 0.219-in. brass rod with 
voltages above 50 kv., at least 70 per cent of the ions 
that left the wire reached the cylinder before they were 
drawn back to the wire by the reversal of voltage or 
were neutralized by the outgoing ions of the opposite 
sign. With a little modification in this set-up, there is 
no reason why a complete determination of this ratio 
could not be made. 


Since the corona on a transmission conductor is 
made up largely, if not entirely, of brushes, a point 
was placed on the side of the 0.219-in. brass rod in the 
. eylinder and the corona current studied with set-up 
of Fig. 11. Atthe first appearance of corona at 11 kv., 
the charge arriving at the cylinder was negative and 
remained negative until the positive began to get across 
at40 kv. From 40 kv. to 48 kv., there was more posi- 
tive than negative reaching the cylinder but from 48 kv. 
up to the flashover voltage the amount of the negative 
exceeded the positive. The point used was a piece of 
fine wire 1/16 in. long. The rod was then tried with 
two such points and it was found that the negative 
charge arriving at the cylinder always exceeded the 
positive, although it decreased slightly from 43 kv. to 
45 kv. 


SPACE CHARGE SURROUNDING TRANSMISSION 
CONDUCTORS 


The ionization about transmission conductors was 
next studied. Two concentric strand copper cables 
1.1 in. in diameter and 50 ft. long were strung up in the 
laboratory parallel to each other and 10 ft. apart with a 
clearance of at least 20 ft. in all directions. A No. 16 
wire was supported parallel to, and midway between, 
the two conductors. Hard rubber rods were used for 
insulators on this test wire and a lead from it was 
brought out at right angles to the plane of the two large 
conductors. An electroscope was connected between 
the test wire and ground and voltage was then applied 
to the two conductors. Below the corona voltage, the 
test wire was adjusted so that the electroscope showed 
no voltage on it due to position in the electrostatic 
field which indicated that it was in the neutral plane. 
The voltage was raised and at the first appearance of 
corona at 160 kv. between lines the electroscope showed 
a negative charge on the test wire. The negative 
potential increased on this wire as the applied voltage 
was raised until at 280 kv. between lines it was ap- 
proximately 3000 volts. As the applied voltage was 
further raised, the potential on this test wire started to 
fall, slowly at first, then more rapidly, until at 300 kv. 
between lines it reached zero and then began to build 
up positive. At 500 kv. between lines the test wire had 
a positive potential of approximately 15,000 volts 
above ground. It was necessary to parallel the electro- 


scope with a condenser to obtain the d-c. charge on the 
test wire when the applied voltage on the conductors 
was above 300 kv. Another test that was made with 
this set-up was to short-circuit the electroscope until 
the voltage had been taken off the large conductors 
and then the short circuit was removed. When this 
was done at 280 kv. the test wire accumulated sufficient 
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negative charge to raise potential of the test wire several 
hundred volts. The same thing was tried at 400 kv. 
In this case, the potential on the test wire was over a 
thousand volts positive. These potentials were due 
to the persistence of the charge about the conductors 
after the source of ionization had been removed. In 
some cases, charges were found to build up potentials 
of a few hundred volts on the test wire as long as fifteen 
minutes after the voltage had been removed from the 
conductors. 

A corona loss eurve was then taken and is shown in 
Fig. 12. Itisrather interesting to note that at 300 kv. 
between lines there is a break in the loss curve, and it is 
at this point that the potential of the charge about the 
conductors changes over from negative to positive. 
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Above this point, Peek’s quadratic law seems to hold, 
but below, it does not, and it is in this lower region that 
Peek has suggested a probability law.® 

Since the corona on these transmission cables ap- 
peared to be made up of individual brushes, it was 
decided to study the characteristics of a single brush. 
The set-up shown in Fig. 18 was used. An observer 
in the insulated screen cage at high voltage took all the 
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necessary data. With this arrangement, the capaci- 
tance of the metal point is practically zero, so that the 
only current flow to and from the point is corona 
eurrent. The simple connection of the condenser and 
galvanometer was the first one used. At the start of 
corona from the point which appeared as a soft glow, 
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Fic. 14—ConoNA CURRENT CYCLOGRAM OF A BRUSH FROM 
A BiNGLE Pornt. Vouitaacp 100 Kv. 100,000-Onm SHUNT 
FOR CURRENT DEFLECTORS AND 9400-OnMm SHUNT FoR TIMING 
VOLTAGE 


the galvanometer indicated a flow of negative current 
which increased until at 112 kv. the galvanometer 
deflection was two divisions. At this voltage, purplish 
streamers began to shoot out which considerably in- 
creased the luminosity of the brush. At 182 kv. the 
galvanometer had fallen to zero and at 140 kv. the 
current was positive, giving a deflection of two divisions. 
By this time the purple streamers had greatly increased 
and at 172 kv. the discharge was a large, well-developed 
brush giving a reading on the galvanometer of 10 
divisions positive. The condenser and galvanometer 
were then replaced by the cathode ray tube. A 
100,000-ohm resistance connected between the points 
A and B gave sufficient voltage drop to obtain a good 
defiection of the cathode ray that was proportional 
to the current. This current deflection was opened out 
into a current cyelogram by applying a sine wave volt- 
age to the other pair of deflector plates. This sine wave 
voltage was obtained from a 2300-volt exciting winding 
connected to the high-voltage end of the secondary. 
This voltage had been tested and found to be a sine 
wave in phase with the secondary voltage. In order to 
put the important changes of current intensity in an 
advantageous position on the cyclogram for analysis, 
the phase angle of this timing voltage was shifted 90 
deg. by means of a condenser. In the cyclograms 
shown in Figs. 14 and 15, the corona current appears 
to be a maximum shortly before the timing voltage 
impressed on the tube is zero, but due to the 90-deg. 
shift it can be seen that the maximum of the corona 
current is approximately 25 deg. ahead of the maximum 
of the voltage applied to the point. The form of these 
corona cyclograms would be altered slightly if they were 
changed over to a uniform time axis instead of the 
sinusoidal timing wave. The direction of rotation of 
the spot that traced these curves was carefully checked, 
as was also the polarity of the cathode ray tube deflec- 
tors. In Fig. 14, the positive and negative halves of 
the current wave are smooth and are practically the 
same. In Fig. 15 the negative side is still smooth but 
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the positive side shows a sudden pulse of current. It 
was difficult to get the exact form of this pulse. because 
the rapid movement of the spot did not leave a very 
distinct trace. Simultaneous with the appearance of 
this pulse of positive current, as the form changed from 
that shown in Fig. 14 to the one shown in Fig. 15, was 
the appearance of the long purple streamers. Whena 
half-in. brass sphere was put over the end of the point, 
breaks appeared in the negative half of the current wave 
but they were not so prominent as those on the positive 
side. Time nor space does not permit much more to be 
said about these tests with the single brush. More 
work is to be done along these lines and a complete 
report will no doubt be made later. 


Current cyclograms were taken on the 1.1-in. trans- 
mission conductor previously mentioned with the 
charging current balanced out. While they were not 
so clear cut as those of the brush from the single point, 
they had the same general form. If all the brushes on 
the transmission conductor came in at the same voltage, 
the result, of course, would be practically the same as 
the brush from the single point except for magnitude. 
This is very nearly the case when voltage is not far 
above the corona starting voltage when there are only | 
a few brushes present. Since this is within the econom- 
ical range, the region we are most interested in, the 


authors believe that much can be learned about the 


mechanism of corona about the transmission line by 
the study of the brush from a single point. It is also 
their belief that results obtained from polished smooth 
surface conductors, especially if they are mounted near a 
neutral plane, are not applicable to transmission lines 
out in the open. 


TESTS MADE UNDER A 220-Kv. TRANSMISSION LINE 


In order to tie in the results obtained in the laboratory 
with those of actual operating conditions, the authors 


Fic. 15—Samp as Fic. 14 Excerr 130 Kv. anp 40,000 
OHMS FOR CURRENT SuuNT AND 4900 Oums ror TIMING VOLT- 
AGE SHUNT 


went to the 220-kv. lines of the Pacific Gas and Electric 
Co. at the Vaca-Dixon substation. The section under 
which the tests were made was that of a three-phase, 220- 
kv. line with 0.9-in. ropelay copper conductorsin the hori- 
zontal configuration. The separation of the conductors 
wasabout 14ft.and they wereapproximately 63 ft. above 
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the ground. At right angles to these conductors and 
30 ft. under them, an exploring wire 33 ft. long was 


supported by hard rubber rods on long cotton cords. 


A lead was brought down from the exploring wire and 
connected to one side of a gold leaf electroscope the 
other side of which was connected to ground. In order 
to reduce the a-c. voltage due to position, the electro- 
scope was paralleled by a 0.05 u f. condenser the leakage 
of which was negligible. At first, a d-c. potential of 
400 volts was applied to the wire which at the same time 
charged the condenser. The d-c. source was then 
removed and the rate of decrease of voltage on the 
condenser was observed by the fall of the leaf of the 
electroscope. With a positive charge on the wire, the 
voltage of the condenser dropped from 400 to 375 
volts in three min. 
there was no decrease in the condenser voltage for the 
same length of time. It was obvious then that there 
were only negative ions present in the vicinity of the 
exploring wire. This was the condition that was ex- 
pected to be found in view of the results obtained in the 
previous laboratory tests. With no charge on the wire, 
the set-up was left untouched for an hour. At the end 
of this time the wire had picked up sufficient charge to 
raise the voltage on the condenser to 305 volts. The 
charge on the condenser was tested and found to be 
negative. It was observed that when a rather strong 
breeze was blowing, the ionization about the wire 
decreased considerably. This was to be expected with 
distances from the conductor as great as these. 

The voltage was then taken off the section of line 
above the set-up and the exploring wire was raised until 
it was within 15 ft. of the conductors. The voltage 
was then supplied to this section of the line by means of 
a 40,000-kv-a. synchronous condenser driven by an 
induction motor. In this way the voltage applied to 
the line could be varied. Observations were made at 
three different voltages, 220 kv., 240 kv., and 260 kv. 
The main purpose of this test was to see if the normal 
operating voltage was near the value where the residual 
charge in the atmosphere about the conductor changed 
from negative to positive. At 260 kv. there was no 
evidence of any positive charge in the near vicinity 
of the exploring wire which was 15 ft. from the conduc- 
tors. The amount of negative charge was found to be 
slightly greater than it was at 220 kv. with the exploring 
wire 30 ft. below the conductors. 
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SUMMARY AND CONCLUSIONS 
In the ionization process about a conductor or elec- 


With the wire charged negative, 


trode in corona, there is a net rectifying action present 
whereby more charges of one sign assert themselves 
than of the other, so that the surrounding space is built 
up to a unidirectional potential above ground. 
Whether it is a case of the charges of the predominating 
sign being created more rapidly, or whether they endure 
longer than the others without being “wiped out" 
by recombination or return to the conducting circuit 
of the set-up, is not known, as it is apparently a part of 
the mechanism of ionization involved. It is probably 
determined by the mobilities of the ions, their rate of 
manufacture, and the amount that their presence dis- 
turbs the normal field. 

For a given test arrangement, the magnitude and 
polarity of this rectified charge is dependent on the 
applied voltage. For the case of a polished wire and a 
grounded plane or cylinder, the sign of this charge is 
first positive, but soon drops to zero and then increases. 
negatively as the voltage is raised. By placing a small 
"artificial" brush on the wire, it was possible to detect 
a slight negative rectification at the start of corona from 
it. The sign soon reversed, though, to positive as the 
voltage increased, and then to negative once more where 
it remained until flashover. 

In a test with a single point projecting from a small 
sphere, the rectified space charge built up was first 
negative and then positive. The same was found to be 
true in the space between two 1.1-in. diameter cable 
conductors strung up in the laboratory. This would be 
expected since the corona on the surfaces of the stranded 
conductors would be, in reality, a mass of small single 
brushes, so that as a whole they would assume the 
characteristics of a single brush. 

The fact that at the same voltage on the cable con- 
ductors at which the rectification of the charge reversed 
its polarity from negative to positive, there is a distinct 
"break" in the corresponding corona loss curve, proved 
of considerable interest. Since it is at this point that 
Peek’s quadratic law relation begins to hold, it would 
seem from these tests that there is some governing 
factor contributed coincident with positive rectification 
to cause the ionization process to vary quadratically 
with respect to applied voltage. Itis this upper portion 
of the curve that Dr. Ryan has referred to as that of 
"stable brush pattern." The lower portion he has 
called that of “‘unstable brush pattern," and it is here 
that Peek has suggested the entrance of a probability 
relation. 

In the field test made on the 220-kv. Pit River Line 
of the Pacific Gas and Electric Company, which 
normally shows slight visible and audible signs of 
corona, it was apparent that the line was being operated 
at a point well below the “break” in the corona loss 
curve, as the space about the conductors was found to be 
charged negatively even when the voltage had been 
raised 20 per cent above the normal line voltage. 
Although the potential of the rectified charge is appre- 
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ciable, the actual magnitude of the current necessary 
to supply it is negligible compared to the alternating 
space charge current itself. 
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Discussion 


L. F. Fuller: It has been my privilege to discuss this work 
with the authors frequently during its progress and I have been 
impressed eontinually with the diffieulty of the undertaking and 
the fact that it is pioneer work at the very forefront of our 
knowledge of things of this character. 

Already it has had a very practical applieation of which I 
wish to tell you. 

Several years ago it was observed that if a carrier-current 
telephone transmitter and receiver were connected at each end 
of a high-voltage transmission line in corona, a noisy, hissy sound 
was observed in the receiver whenever the carrier transmitter 
was started. The intensity of this noise increased with the power 
of the transmitter. This resulted in a noisy background to any 
speech transmitted over the line. No advantage could be gained 
by increasing the power of the transmitter because this increased 
the received signal and noise together, and the signal-noise ratio 
was not appreciably altered. 

The reasons for this phenomenon appear to be closely related 
to the investigations of the authors. Within the radius of the 
space-charge cylinder surrounding each line conductor in corona, 
the ionization is much higher than in the space between con- 
ductors outside this radius. The atoms within the cylinder are 
in a decidedly turbulent condition and tbe conductivity is 
relatively high. Any radio-frequency current being passed 
between a coupling wire and line conductor must pass through 
this highly ionized region. The coupling wire and the line 
conductor associated with it do not form a condenser alone but 
rather a condenser in serias with a microphonic rapidly changing 
resistor comprising the space-charge cylinder. The outer 
surface of this cylinder and the coupling wire may be considered 
as comprising the two plates of a condenser. Charging current 
through this condenser can reach the line conductor only by 
passing through this variable resistance. Thus the carrier is 
modulated by the variations of this series resistance and the 
typical hissing sound is heard in the receiver. 

Some time ago Dr. Ryan in discussing space charge with me 
expressed the opinion that the substitution of coupling capacitors 
for coupling wires would thereby provide a metallic conductor 
in place of the variable resistor comprising the space-charge 
cylinder. This he thought might result in the elimination of the 
series modulation of the carrier and would remove the dis- 
agreeable hiss. 

It is with a great deal of pleasure that I am able to report 
that this desirable result has been very thoroughly proved. 
Thus we have a practical example of the utility of space-charge 
studies of this character. 


R. J.C. Wood: I didn’t quite gather from the paper whether 
the voltage observed on the electroscope showed the natural 
gradient which would be in the air at that height whether the 
transmission line was there or not, or whether it showed asa 
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resultant of the natural gradient and the voltage on the line, 
or whether it was due to the line alone. 

In the first case the coupling rod was 30 ft. above the ground; 
in the second ease it was 45 ft. above the ground; and with those 
heights above the ground one would expect a certain natural 
potential different to ground. 

C. H. Willis: (communicated after adjournment) The 
evidence so far obtained regarding the diffused space charge 
which the authors found at some distance from the corona wires 
shows this charge to be quite erratic. However, I should like 
to ask if the authors think it possible that the sign of this diffused 
space charge at voltages slightly above the corona voltage, may 
not be determined by the sign of the corona which form at the 
lowest voltage, and therefore probably is produced in the greatest 
quantity at voltages a little above the corona voltage. 

The curves shown in Figs. 4 to 9 inclusive give valuable infor- 
mation. The great lag of the space charge behind the electro- 
static field shown particularly in Fig. 6 is surprising. 

The break shown in the loss curve of Fig. 12 comes at icut 
the voltage at which we should expect the two alternating space 
charges from opposite wires. to meet as calculated from the 
mobility which has been found for ions in corona. When the 
two alternating space charges do meet the phenomenon changes 
to a case of gaseous conduction and it is to be expected that the 
loss curve will obey a different law. It would be quite inter- 
esting if this break could be shown to depend on the distance 
between the wires. 

J. S. Carroll: Professor Reukema in his paper shows the 
short time required to clear the ions out of the space between the 
two spheres of a sphere-gap when 60-cycle voltage is used. 
In this ease there is little chance of studying the movement of 
the ions. However, if the ions are supplied by one of the elec- 
trodes being in eorona, sueh as & point or & small wire, the 
movement of the charge plays quite a different part. In that. 
regard I should like to call attention to a few things brought out 
by the results shown in me eurve of Fig. 9, in the paper by 
Lusignan and myself. 

The voltage was applied to the wire at the center of a grounded 
cylinder by means of a kenotron connected to a high-voltage 
transformer. This voltage was of course unidirectional and 
pulsating. At & phase angle of 180 deg. the voltage applied to 
the wire is à maximum. No doubt the wire went into corona 
before this, but it is not until about a quarter of a cycle later that 
the charge sent out by this pulse of voltage gets over to the cylin- 
der. The charge continues to arrive at the cylinder after this 
pulse gets across but gradually decreases in amount until at 
270 deg. it isalmost zero. Had the cycle been longer, that is the 
frequency a little lower, all the charge sent out at this voltage 
crest would have got across before the next pulse arrived. 


It is interesting to note the slight increase in the amount of 
charge getting over at 180 deg. This is no doubt due to the 
increase in the resultant field caused by the rise in voltage ap- 
plied to the wire. By resultant field I mean the field set up by 
the voltage applied between the wire and cylinder plus the field 
existing between the space charge and cylinder. This latter 
field is a very important factor in determining the movement of 
the ions in this and similar setups, so that it is very difficult to 
calculate ionic movements when a good part of the field that 
is producing this movement is attached to the moving ions 
themselves. 


J. T. Lusignan, Jr. Mr. Wood brings up the question as 
to how much of the unidirectional voltage which we measured 
beneath the outdoor transmission line was due to the natural 
gradient or the earth. Probably very little was involved as we 
got no detectable reading on the electroscope when the line 
voltage was off. Also we found the electroscope readings to 
increase as the potential of the line was raised. Our motive 
in making the test under a transmission line was prompted by the 
fact that we had found a unidirectional potential about conduc- 
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tors inside the lahoratory where the earth’s field would have 
no effect. 

J. S. Carroll: Mr. Willis’ question regarding the sign of 
this diffused space charge is not quite clear. 


In order to determine the sign of the charge in the way sug- 
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gested by Mr. Willis one would have to specify very carefully 
the conditions under which it would hold. For instance under 
certain cases the charges about polished conductors have oppo- 
posite signs to those with rough conductors at the same im- 
pressed voltage. 


Electric Oscillations in the Double. Circuit 


Three-Phase Transmission Line" 
BY Y. SATOH: 


Enrolled Student, A. I. E. E. 


Synopsis.—This paper, after referring to the results of a pre- 
vious study of the electric oscillations on the three-phase aerial line 
obtained by Dr. Bekku, describes the additional work done by the 
writer concerning the electric oscillations in the double-circuit, 
three-phase transmission line, and shows that there are three kinds of 


N 1923, Dr. S. Bekku deduced the theory of electric 
. oscillations in the three-phase aerial line? and showed 
that, when the three phases are symmetrical, there 
arise two kinds of traveling waves having different 
surge impedances and, in general, different propagation 
velocities. He showed also that when the conductivity 
of earth is infinity, the propagation velocities of the two 
waves become equal to that of light. 

Referring to his paper, the writer has discussed the 
oscillations in the double-eireuit, three-phase trans- 
mission line which are of practical interest and has 
pointed out some of the important points obtained in 
studies of these oscillations. 


NATURE OF WAVES ON THE SINGLE- AND 
DOUBLE-CIRCUIT LINES 


When a single conductor is running parallel to a 
boundary plane of a perfect conductor, the oscillation 
therein as is well known, consists of one kind of traveling 
wave having a propagation velocity equal to that of 
light. If, however, several conductors closely parallel 
one another, as in the case of ordinary transmission 
lines, there exist various kinds of traveling waves, due 
to mutual inductive effects. It was shown in Dr. 
Bekku’s paper that in the three-phase line, if the three 
conductors are balanced, t.e., if the transposition is 
complete, there are two varieties formed and there are 
two kinds of traveling waves. The first kind has 
currents and voltages the sums of which in the three 
conductors are zero, while the currents and voltages of 
the second are equal for three conductors. The first 
is a wave between conductors and the second is a wave 
between the group of conductors as one side and the 
ground as the other. The same theory applies to both 
aerial lines and underground cables. 


«With supplementary discussion by H. G. Brinton. 

1. Graduate student, Stanford University. 

2. Jl. of Japanese Inst. of E. E., Feb., 1923. 
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traveling waves. The nature of these waves, and some of the im- 
portant results of the induced transients, are described. In the 
appendizes, itis shown briefly how these results were derived and how 
to calculate the line constants from the construction data of the lines. 
A few numerical examples are given. 


If another three-phase circuit of the same electrical 
characteristics is closely coupled to the former circuit, 
as in the case of ordinary double-circuit, three-phase 
power lines, and if we assume that each conductor of 
one cireuit is in the same position with respect to the 
conductors of the other circuit, then the oscillations 
therein are the superposition of three kinds of traveling 
waves, as follows: (The above assumption is not 
satisfied unless a special method of transposition is used, 
however, according to the numerical calculations for the 
actual lines, the assumed conditions are practically 
realized.) 

1. The wave whose sums in voltages to ground and 
currents of the three conductors of each circuit are zero. 

2. The wave whose voltages to ground and currents 
are equal for all of the six conductors. 

8. The wave whose voltages to ground and currents 
are equal for the three conductors of one circuit and 
equal but opposite in sign for the three conductors of the 
other circuit. 

Each of the above three kinds consists of two com- 
ponent waves traveling in opposite directions, and each 
current wave is accompanied by the corresponding 
voltage wave in the ratio of surge impedance; that is, 
each kind acts by itself as does the ordinary wave in 
the case of a single conductor. 

The three kinds of waves may be stated as follows: 

1. The first kind consists of two waves; 

a. The wave between conductors of the first 
circuit, 

b. The wave between conductors of the second 
circuit, 

2. The second is the wave between the group of six 
conductors as one side and the ground as the other side. 

3. The third is the wave between the group of three 
conductors of one circuit as one side and the group of 
three conductors of the other circuit as the other side. 
The three kinds are illustrated as in Fig. 1. 
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‘Thus we see that a wave can never exist on one con- 
ductor only, but it is always accompanied by its com- 
panion waves on the other conductors. The surge 
impedances and the propagation velocities of these 
waves can be expressed as follows: 

For the first kind, 


Zi - v (L- L)/K - K), (1) 
vı =1// (L—L, (K- Kj, (la) 
For the second kind, 


Z: = vy (L +2 L, + 3 L)/(K +2K,4+3K,), (2) 
v? — llA/(L--2Li1--8 L5) (K +2K, +3K-) (2a) 
For the third kind, 

Z: = V (L4-214,—8L3/(K -2K,— 8 K;), (3) 
v2 = ll/(L--2L1,—8L9(K --2K,—8 Ks) (3a) 
in which 

L = Self inductance per unit length of a conductor 

with ground return, 


à No. 1 Circuit 


Tt 


No. 2 Circuit 
First Kind Second Kind Third Kind 


Fig. 1—IrnLUSTRATION or THREE KINDS or WAVES 


L| = Mutual inductance per unit length between con- 
ductors of the same circuit with ground return. 

L, = Mutual inductance per unit length between 
conductors of the different circuits, 

K = Coefficient of capacity per unit length of a 
conductor, 

K, = Coefficient of static induction per unit length 
between conductors of the same circuit, 

K., = Coefficient of static induction per unit length 
between conductors of the different circuits. 

As is clear from the above expressions, the surge 
impedances and the propagation velocities of the three 
kinds of waves are different. If the conductivity of 
the earth is assumed to be infinity, the three velocities 
become equal to that of light. 

The relative magnitudes of the three waves entering 
into the oscillation are determined by the initial 
conditions. For example, if equal charges are thrown 
on the conductors, as might be the case in a lightning 
stroke, only the second wave comesin. In three-phase 
switching operations there will exist only the first wave. 


REFLECTIONS AND REFRACTIONS 


If the waves meet an irregularity, the reflections and 
refractions occur as in the case of a single conductor. 


consist, in general, of three kinds. 
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If the irregularity is the same‘for the six conductors, 
each kind of wave independently obeys the same laws 
of reflection and refraction as in the single conductor. 
If, however, the irregularity is different in the various 
conductors, interference and splitting-up occurs among 
the different kinds of waves; ?. e., although the incoming 
wave is one kind, the reflected and refracted waves 
If the irregularity 
is the same for the conductors of the same circuit, the 
first wave acts separately from the other waves, being 
reflected without splitting-up, while there is splitting- | 
up between the second and the third waves. For 
example, if the ends of the six conductors are grounded 
equally through the resistance R, then all waves obey 
the law, G = — F (R — Z)/(R + Z), in which F and G 
are the incoming and reflecting current waves of one 
kind and Z is the surge impedance corresponding to 
that kind. From the above formula, we see that when 
the six conductors are equally grounded with the 
resistance equal to the surge impedance of a certain 
kind of wave, the reflection is zero when the incoming 
wave is of that kind, but this is not the case for the 
incidence of the other waves. 

When the line having the surge impedances Z;, Z2, Zs, 
for the three kinds of waves is connected to another 
double-circuit, three-phase line of surge impedances 
Z1', Z2', 23, then 

G-F(Z-—Z2)/(Z 4-Z) 
H-F.2Z/(Z +Z 
for each kind of waves, in which H is the refracted cur- 
rent wave, that is, H is the current wave that travels 
on past or through the irregularity. 

When the conductors of the same phase of two cir- 
cuits are tied together at the end of the line, as in the 
ease of a paralleling bus, this end acts as an insulated 
end for the second wave and as a grounded end for the 
third wave, while for the first wave, there occurs no 
reflection; that is, the incoming wave on the first circuit 
passes through the tie bus and returns on the second 
circuit and vice versa. 


SOME OF THE EFFECTS OF INDUCED TRANSIENTS 


From the above results we see that any oscillation 
in one conductor is always accompanied by correspond- 
ing oscillations in the other conductors. If, in the 
case of a single conductor, the conductor is grounded or 
broken on the way of the wave, the wave undergoes 
total reflection and cannot pass through the faulty 
point. In the case of three-phase lines, however, due 
to the inductive effects of the sound conductors, the 
waves do pass through such faulty points. Sound 
conductors must also stand the high voltage of waves 
due to induced transients from the nearby faulty con- 
ductor. The sound circuit must sometimes stand al- 
most as much voltage as the faulty one. Waves start- 
ing on a single-circuit line will induce large transients 
in a sound circuit that may parallel the faulty circuit, 
even though the place of fault is some distance away 
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from the point where the two circuits come together. 
This will be important because low-voltage lines often 
parallel high-voltage lines. 

Since the sums of currents and voltages of the first and 
the third waves in six conductors are zero, they do not 
give inductive disturbances in adjacent lines. Induc- 
tive disturbances are caused only by the second kind of 
wave. The induced voltage resulting from the second 
kind of wave is obtained by multiplying by six the 
voltage induced by the individual conductor. 


EFFECT OF LOSSES 


_ Due to the energy losses in the circuits, the waves 
gradually die out. In this case also each wave acts 
independently of the other waves and the whole theory 
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Fic. 2—VorLrTAGE Waves or Ex. 1 

obtained for the wave in the case of a single conductor 
can be applied to the individual wave. For example, 
each wave has its own attenuation constant and its 
wave front gradually flattens out just as if the other 
waves were absent. 


EXAMPLES 


Applying the theory outlined above to several eases 
one obtains the following results: In these examples, 
the following values of surge impedances were assumed: 
Z, = 400 ohms, for the first wave, Z: = 1000 ohms, for 
the second wave, Z; = 500 ohms, for the third wave. 
(These are typical values obtained for existing high- 
voltage lines.) When there is only one three-phase 
circuit having the same construction as one of the 
above double-circuit lines, Z; is the same as for the 
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double-circuit case, while Z: is different and has the 

typical value Z,’ = 800 ohms. 

1. When the voltage source is suddenly connected to one 
of the circuits having the end conditions as shown in 
Fig. 2. 

The propagation and reflection of voltage waves 
when the source voltage is 1500 volts d-c. are shown in 
Fig. 2. The caleulation of this example is shown in 
Appendix III. | 

In this figure, as well as in those that follow, the 
different kinds of waves are distinguished by different 
shadings so far as the clearness of the figures allows. 
As seen in Fig. 2, two kinds of waves are produced and 
the voltage wave of 1500 volts on No. 1 circuit is 
accompanied by the corresponding induced wave on 
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Second Wave of a Single Cireuit, 


Fie. 3—VoLrAGE Waves or Ex. 2 


No. 2. When these waves reach the right end, they are 
reflected. If this end of No. 2 circuit were insulated, 
or if No. 2 were absent, the maximum voltage in No. 1 
would be twice the source voltage, but, affected by the 
grounding of the right end of the former, the maximum 
voltage in the latter is 1.8 times. The voltage of 0.85 
times the source voltage is induced in No. 2 circuit. 


2. When the wave comes from a single circuit. 
Fig. 3.) 

Fig. 3 shows how the voltage waves split up and give a 
disturbance in a parallel circuit when waves of 100 kv. 
between conductors and ground (second kind of wave), 
come equally on three conductors of a single circuit. 


(See 
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This case might arise from a lightning stroke on No. 1 
circuit producing voltage waves that travel to a point 
where No. 1 parallels with No. 2. If the latter is the 
low-voltage circuit, the mduced voltage may be suf- 
ficient to cause a flashover even though the trouble 
originated in No. 1. 
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8. When one of the conductors 1s broken and grounded on 
the way of waves. 

The state of reflections and refractions of voltage 
waves when the incoming wave is of the second kind of 
100 kv., is shown in Fig. 4. As shown in Fig. 4, a 
considerable voltage wave passes the point at which 
the conductor is broken and grounded due to the induc- 
Give effect of the other conductors, and the fault in one 
of the conductors causes reflections on all of them. 

4. When the two circuits are tied. together at one end, 
phases a and a, charged to 100 kv., and phases b and 
bı, c and c, to —50 kv., then the other end of phase a 
is suddenly grounded, as the result of an insulator 
failure. (The state of oscillation is shown in 
Fig. 5.) 

An oscillation of this type could arise, if, in the 
double-circuit lines charged by a three-phase alternator 
through transformers, the distant end of a conductor is 
grounded at the instant when the voltage of this phase 
ismaximum. The first few oscillations are represented 
approximately in Fig. 5 provided the length of the line 
is not large. This is because the impedances of the 
transformers are large for the high-frequency oscilla- 
tion so that the phases may be considered approximately 
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insulated from one another for a short time interval. 
As seen from Fig. 5, the voltage of T.8 times the initial 
value is induced in phases b, c, bı, and c, due to the 
sudden ground of phase a. 


CONCLUSIONS 


1. The oscillation in the double-circuit, three-phase 
transmission line in general consists of three kinds of 
waves. 

2. As the result of the existence of three kinds of 
waves, there are three kinds of surge impedances. 

3. In a single conductor, reflecting waves can be 
made zero by grounding the end with a resistance equal 
to the surge tmpedance of the line. However, when 
there are three kinds of surge impedances, even if the 
six conductors are equally grounded with a certain 
resistance, the reflection may sometimes be zero, or 
sometimes otherwise. | 

4. When the waves meet an irregularity of the line, 
one kind of wave splits up into three kinds. 

5. Inasingle conductor, if the conductor is grounded 
or broken on the way of traveling waves, total reflection 
occurs and the waves cannot propagate beyond that 
point. But, in three-phase lines, due to the inductive 
effects of the other wires, the waves do propagate 
beyond the point at which the conductor is grounded 
or broken. 
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Fig. 5—VorTrAGE WAVES or Ex. 4 


6. Due to the fault of one conductor, an appreciable 
voltage may be induced in the sound conductors; for 
instance, in example 4, due to the sudden ground of 
phase a, the voltage of 1.8 times the initial value is 
induced in the other phases. 
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7. Inductive interference to neighboring telephone 
circuits from the transmission lines is caused only by 
the second kind of wave and can be easily calculated. 

The writer wishes to acknowledge the assistance 
rendered by Dr. F. E. Terman of Stanford University 
when this paper was prepared. 


Appendix I 


DERIVATION OF EQUATIONS AND THE METHOD OF 
SOLUTION 


The following assumptions are made: 


1. The characteristics of the two circuits are electri- 
cally the same. 

2. The conductors in each circuit are in the same 
position with respect to one another and to the ground, 
2. e., the transposition of each circuit is complete. 


3. The conductors in one circuit are in the same 
position with respect to the conductors in the other 
circuit. 

All the energy losses shall be neglected. Let L, Ih, 
In, K, K,, and K, have the same meanings as in the 
main text. Let 


q = electric charge per unit length of a conductor, 
$ = magnetic flux interlinkage per unit length of a 


conductor, 
E - voltage to ground of a conductor, 
I = current of a conductor, 
t = time, 
t = distance along the conductor, (take positive direc- 


tions of x and J the same). 


Denote the three conductors of one circuit by a, b, c, and 
those of the other circuit by a1, bı, c... Then we have, 
a = L I, + Lil) + Li I + Le (Ia + In + Ia), 
and if we neglect the voltage drop in earth, 

—Od0E,/0x = 0¢,/dt, 


or 
o E, o I, ò lI, d I. 
=a 7L. tl apt bg 
Ò Iai 0 Íri d la ) i 
ve ( Y ot ot » 
and exactly similar equations are obtained for 
conductors b, c, a, bDi, ci. 2 
We have further, 
= KE, + K, E, + K, E. + Ke (E, + Er + Ea), 
(5a) 
and 


or 


so that, 
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(S) 
and exactly similar equations are obtained for | 
conductors, b, c, a4, 01, ci. 


The above equations are the fundamental equations of 
the electric oscillations in the double-circuit, three-phase 
transmission line, and since they are twelve simultane- 
ous partial differential equations of the first order and 
of the first degree having the twelve unknown quanti- 
ties, Is Is I Pp Iw, Ias E, E, E., Bay E», and E. 
it is seen that their general solutions are twelve inde- 
terminate functions. 

To solve the above equations, let us nde the follow- 
ing transformations of the variables: 
I = la + i2 + 123, Ia = tai + 12 — îs, 
Is = is + t + 23, Is = isr + t2— is, 
I. = le + te + is, Ia = lea + 42 — ds 


to T Un + le = 0, lal + Toi + $a = 0. (7) 
E, = €a e» + 65 Bai = €a + €2— @3, 
Ey = ey + e: + e, Ew = esn + €2— es, | (8) 
E. = €. + €» + es, Ea = €c1 + €» — 63, 
ea + e +e — 0, 631 + en + eca = O. (9) 


Though the right-hand sides of the equations (6) and 
(8) contain 16 variables, since there are 4 relations of 
(7) and (9) among them, they are essentially 12 inde- 
pendent variables. If these component currents and 
voltages are known, the currents and voltages of the 
six conductors are obtained by combining them accord- 
ing to equations (6) and (8). Hence, we shall now 
obtain these components. 

Substitute (6) and (8) into the fundamental equations 
(4) and (5). By adding all the six equations of (4) and 
dividing by (6), we get, 


— 0e/0x = (L +2 Li +3 L). dt2/dt, (10) 
treating (5) the same as above, 
—02/dx = (K+2K,4+3K.).06€/dt. (10a) 


By adding the three equations of a, b, c of (4) and sub- 
tracting from it the three equations of ay, bı, c;, and 
dividing by 6, we get 


—de/dox =(L+2L,— 3 L.).07%3/dt, (11) 
treating (5) the same as above, 
— 023;/02 = (K +2K,—8 K.).0¢3/dt. (11a) 


By subtracting (10) and (11) from the first equation of 
(4), | 
— 0e@/0x = (L— Lı) .dia/dt, (12) 
by subtracting (10a) and (11a) from the first equation 
of (5), 

— 01,/0x% = (K— K)).0¢€,/dt. (12a) 
Exactly the same equations as (12) and (12a) are 


obtained for es te. . . . Gey tels 


Sept. 1927 


Equations (10), (11), (12,) (10a), pane and (12a) 
have the following forms: 
—do0e/ox=L.02/dt, (13) 
— ói/ozx =K.de/dt. (13a) 
They are essentially the equations of oscillations in a 
single conductor having a self inductance per unit 
length L and a capacitance per unit length K, the solu- 
tions of which are, as well known, two traveling waves 
propagating in the opposite directions and can be 
expressed as follows: 


$ —-F(zx—v»t) 3-G(x --v0, (14) 
e —-Z.F(x—vt)—Z.G(x--vt) (14)) | 
o =1/ VLK = propagation velocity, (15) 
Z = / L/K = surge impedance. (16) 


F (x — vt) is a wave traveling in the positive direction 
of x, and G(x + vt) in the negative direction of zx. 
The forms of functions F and G can be determined 
from the boundary conditions. 

If we apply the above results to equations (10), . . . 
(12a)!, we get at once thesolutions of component currents 
and voltages: 


do = Fe (x — vot) + Go (x + 2 £t, (17) 
€; = Zo» [Fs (x — vet) — G: (x + v«t)], (17a)! 
43 = F; (x — v: t) + Gs (2 + vs, . (18) 
es = Z; Fs (x — vst) — Gs (x + vt), (18a)! 
la = Fa (£ — vt) + Ga (x vit, 

$ = Fa (x — v t) + G (x +v t), | (19) 


€ e e e * ù © © © o © > * o 


= Z, [Fa (£ — vı t) — Ga (x + vıt)), 
e, = Zi (Fs (x — v: t) — Ge (x 4-1), 


® 
a 


| (19a)! 


in which Zi, vı, Z2, v», Z3, v are as expressed by (1), 
(1a)!, (2), (2a)!, (3) and (3a)!, and 

Fa +F +F. = 0, Ga +G, +G. = ] 
FatFutFea = 0, GatGutG. = 0. (20) 
By combining the above results according to equations 


(6) and (8), we get the general solutions of the oscilla- 
tion: (omitting (x — vt) and x + vt) ), 


Is = (F, +G, ) + (Fe+Ge) + (F3+Gs), 

Ij, = (Fe +G) + (F2+Ge) + (F3+Gs), (21) 
I. = (F. +G. ) + (F';--G;) + (F3+Gs), 

Ia = (Fai tGa1) F (F'e+Ge) = (F3+Gs), 

Io, = (Foi t+Goi) + (F2+Ge) — (F'3+Gs), (22) 
Ia = (Feat Ge) + (F'54- Gs) i (F3+Gs), 

E, S ZF a —G, )+Z2(F'2— Ge) +Z3(F'3s—Gs), 

E, = ZF —Gy )+2Z:(F:— G3) +Z3(F's—Gs), (21a) 
E. = ZY(F. —G, )+Z2(F2—Ge) -FZs(F'3— G3), 


Ea = ZiY(F ai Gas) +Z2(F2—G2)—Z3(F3—Gs), 
En = Zi(Fyu-Gw) +Z2(F2—G2)—Z3(F s—Gs), l (22a) 
Ee = Z1(Fei— Ga) --Zs(Fo— G2)— Z3(F'3— G4). 
All P waves travel in the positive direction of x and all 
G waves in the negative direction of x. By comparing 
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the above equations with the description in the main 
text, it is seen that the first two terms of the above 
equations represent the first kind of wave, the second 
two terms the second kind of wave, and the third two 
terms the third kind of wave. The equations when 
the losses are considered can be treated in the same way 
and resolved into three sub-equations as above. 

The forms of functions F's and G’s are determined 
from the initial conditions. Let the distributions of 
currents and voltages on the six conductors at the 
instant at which the oscillation begins (when ¢ = 0) be 
Ja(z), J.(x), . . ... Ja (x) and Va (x), Vi (£)... 
V.1 (x). Then we have, 


Ja (2) = (Fa + Ga) + (Fe + G9) + (F's + G3), 
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Ve (x) =Zi(F = Ga) + Z(F: == G2) + Z: (F; —G 3), 
from which 

= (1/6) (2J,—J,—J.) + (1/6 Z (2 V.—Vi—V.), 

= (1/6) (2J.—Js—J.) — (1/6 Z1) (2 V.—- Vi- V9), 
and all other functions F and G can be obtained in 
similar forms. If we put x — vt instead of z in all the 
F functions and x + v t instead of zin all the G functions 
and combine them according to (21), . . . . (22a), 
we get the equations of oscillation. 


Appendix II 


CALCULATION OF LINE CONSTANTS 
Assuming that the earth is a perfect conductor, the 
current in the earth is confined to its surface and the 
principle of electric image holds. Let the configuration 
of the lines be asin Fig. 6. 
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(In Fig. 6, 
H = (1/2). YAA;.BB,.CQ,. 
X= YAB.BC.CA. 
Xi S VAB,.BCi.CA. 
X' = J(AFy.(BF* (BD? .AD.BE.CF. 
X2 ¥(AF,)?.(BF)?.(BD;?.AD,.BE,.CF,. 


r = radius of conductor.) 
Then we get, 


L =((1/2) +2.log.(2H/r)) x 107? 

henry per em. (23) 
henry per em. (24) 
henry per em. (25) 


L, —-2.log.(X,/X) x 107? 

L, = 2.log. (X '/X^ x 107? 

Let 

P -coeffiedient of potential per unit length of a 
conductor, 

P, = coefficient of potential per unit length between 
conductors of the same circuit, 

P, = coefficient of potential per unit length between 
conductors of the different circuits, 

then we have, from the ordinary electrostatics, 

E, = P.qatPi. QotPi . Qe+P2(Gait+Qoi +41); 

E, = Pi.datP. qe+P: . KHPA +4, | (26) 


where 
P =2.log.(2H/r) X¥9X10"  daraf per em. (27) 
P, =2.log.(X:/X) x9 x10!"  daraf per em. (28) 
P, =2.log. (X,'/X’) x9 x 10! daraf per em. (29) 
Equations (26) can be rearranged as follows: 
qe —K.E,-KiE,-T- KE, 7 
+ K;(E T Eu + Ea), 
q = K,.Ea +K.E, +K. E. 
+ K:(Ea + En + Eao), 
see (5a) of Appendix I, 
in which 


(30) 


(P + 2 P) (P + P) — 6 P? 


K = (POP) P+2P.48P,) (P42P,-8 Py GU 

K = LL. ó()]UO FE 2 P)FI- 8 PP a (32 

177 (PIP, (P+2Pit8 Ps) (PX2P.-3 P 92 
P, | 

K. = (33) 


— (P+2 P14-8 P) (P+2 P,—8 Psy 


which are the required coefficients of capacity and 


induction. Itisalso seen that, 

K — K,-21/(P-Pj, ... (34) 
K+2K,4+8K, = 1/(P-2P 9-3 P,.),... (35) 
K --2K,—3K,- l/(PF2P,— 3PS). ... (36) 


From these results, the surge impedances and propaga- 
tion velocities can be caleulated. In this case, if we 
neglect the effect of magnetic flux inside the conductor, 
(if we drop 1/2 in the expression of L), we get 
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P/L = P,/Ly = P/L = 9 X 102, SO that V1 
= V; = 9 X 10" em. per sec. 


Appendix III 
CALCULATION OF Ex. 1. 


From the symmetry of the line, we see that the first 
kind of wave is zero, and all G waves are zero since, at 
first, only outgoing waves are present. Put FH, = 
voltage of the source, E, = E, = E, = E, Ea = Eu 
= Ea = E,, Todd, ILa = In = Ia = Í, 
then, E = Z F> +2: F, E, = Z F — Zs F's, I = F, 
+ F5, I,-F.— F, (see (21), (22), (21a), (22a)) and at 
x=0, E-E, 1120, whence F.-F;i-E,.(Zs-4-2, 
and thus the outgoing waves are obtained. 

When these waves reach the right end, the reflection 
occurs. Let G and G; be reflected waves. Then 


E = Z: (Fs — Ge) + Zs (F; — Gs), 
E, = Z: (Fs — G2) — Zs (Fs — Gs), 
I = (F; + Ge) + (F: + Gs), k 
I, = (F: + G3) — (F5 + Gs), 
and at the right end 


= 0, 


from which, 
Ge = F: (Z2 — Z3)/(Za + Z3) — Fs.22Z3/(]2 + Z3), 
G; e F.. 2 Zs/ (Zo + Z3) PTS F;. (Zs— Z3)/[(Ze + Z3). 


When the G waves reach the left end, they are reflected. 
The left end of No. 1 acts as a grounded end, hence the 
reflection is the same as at the right end except No. 1 
and No. 2 are interchanged. The oscillation at any 
instant can be found by superposing all these outgoing 
and reflected waves. 


Discussion 


H. G. Brinton: The paper by Mr. Satoh is rather mathe- 
matical and has been somewhat difficult to understand. It is 
based on a previous paper presented in Japan by Dr. Bekku, 
and perhaps Mr. Satoh assumes that the reader will look up the 
previous paper and so gives very little explanation himself. 
The writer has found it possible to understand the paper by first 
making an analysis from a physical standpoint and then checking 
Mr. Satoh’s equations. As we have no other literature on this 
phase of the subject it appears desirable to give here a discussion 
of waves on several parallel wires. 

The case to be discussed is that of two parallel three-phase 
lines. The three wave currents in the three wires of one line are 
Ia, Ip, and I.. The three wave currents in the three wires of the 
other line are 7,', Iet, and J,'. The corresponding potentials 
of wires to earth are E,, etc. Thus we have in general six travel- 
ing waves of different potential and current on six parallel wires. 
If we have only one wave on an isolated wire we would calculate 
the current and energy from the values of voltage and surge 
impedance, and we would calculate the changes in voltage due to 
reflection, etc. at points where the circuit constants changed. In 
the case of several waves on several adjacent wires, the problem 
is complicated by the magnetic and electrostatic interactions 
between the various waves. If we have six waves of different 
potential to consider, then there are six different surge impe- 
dances, or ratios of potential to current, to determine; and the 
surge impedance for each wave is affected by each of the different 
currents in the five other wires. Thus we have quite a com- 
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plicated set of interactions and it is necessary to find a method 
evaluating them. 

We shall first explain how it is possible to consider these six 
currents as the resultants of certain components and thus 
simplify the problem because of the simpler relations between 
these theoretical components. Consider first the three wave 
currents 7a, etc., in the three wires of one three-phase line. If we 
add these currents, taking account of direction, and then divide 
by three, we shall have the average value of current in these 
three wires. The actual current in each wire differs from the 
average. We shall call these differences J,, I2, and J;. We 
know that the sum of these differences from the average value 
must be zero, because otherwise there would be an average 
difference from an average value which is impossible. Thus we 
see that the three unequal actual currents are composed of three 
equal components each having the average value and three 
unequal components whose sum is zero. In the same way we see 
that the three unequal currents in the other line are composed 
of similar components. We can now take the average of the 
three equal currents of one line plus the three equal currents of 
the other line. Let this value be ealled'7. This value must be 
greater than the average value of one line by a certain amount, 
and less than the average value of the other line by the same 
amount which we shall call J'. Then the value of the three equal 
components in one line is J + I! and the value of the three equal 
components in the other line is J — J’. Thus we have reduced 
the six unequal wave currents in the six wires to the following 
components. In the three wires of each line there are three 
unequal components whose sum is zero. In the six wires there 
are six equal components called J flowing in the same direction. 
In the three wires of one line there are three equal components 
called 7! flowing in one direction; and in the three wires of the 
other line there are three equal components — I! flowing in the 
opposite direction to 7! in the first line. A further simplification 
is obtained by considering the three unequal currents of each line 
whose sum is zero as equivalent to two equal and opposite 
currents. For example, if we wish to consider the surge impe- 
dance Z, of the wire in which 7, is flowing, we can consider the 
two currents J; and J; as equivalent to a current — I, flowing 
in the opposite direction to Ij. 

Then in considering the various components we have only 
equal currents to consider. When considering equal currents 
there is only one value of surge impedance to calculate. Thus we 
have reduced the problem to three sets of components and three 
surge impedances to be determined. 

Before discussing these components further, it is well to state 
briefly the known relationships in the ease of a single wire. In 
that case, if the wave potential at a given point is known, the 
wave current is found by dividing the potential by Z, the surge 


impedance. Z is calculated from the formula 
4 / L 1 ; 
Z = C but» = VLC = velocity of light 
1 1 
e Z = ~ L = 
cv Cv 


C is the eapacitance to earth of a unit length of the wire and is 
twice the capacitance from the wire to its image. 

If there is another wave of equal voltage and current on a 
second wire, then the capacitance of the first wire to earth is 
reduced or increased by the presence of the charge on the second 
wire, being reduced by a charge of the same sign and increased 
by a charge of the opposite sign. The capacitance will then be 
C instead of C per unit length. The inductance of the first 
wire is also affected by the current in the second wire, but if 
the waves travel with the velocity of light the product of capaci- 
tance and inductance remains constant and it is only necessary 
to calculate the capacitance as in the simple case of one wire. 
In the ease of two wires the capacitance is then œ C and the 


SATOH: ELECTRIC OSCILLATIONS 65 


: 1 ; : 
inductance is a and the surge impedance is 


C v? 


1 
Cv 


Zi = 


This is the formula for surge impedance in the case of the com- 
ponent current I; and its opposite — J, in the first line, and 
also in the ease of Zi! and — I! in the second line. If we assume, 
as Mr. Satoh does, that the two equal but opposite currents of 
one line would have zero resultant affect on the other line, then 
this formula for Z; holds true when these particular current. 
components are flowing in the two lines at the same time. The 
voltage components corresponding to these current components 
are 


Ei = l, Z: Et = tZ: 
E: = I: Z: Ez = Iž Zi 
E; = 1321 E43 = I;! Z, 


There is only one value of surge impedance for these components 
because the three wires of each line are assumed to be under the 
same influences. These assumptions do not correspond exactly to 
any conditions existing in practise, but they are satisfactory 
for the purpose of aiding us to obtain a fair general conception 
of the wave relationships. 

We may next consider the current and voltage components im 
the ease of the six equal components in the same direction in the- 
six wires. In this case the capacitance of each wire to earth is: 
reduced. If we assume, as Mr. Satoh does, that each wave,is 
equally affected by the other five, then the capacitance of each 
wire is reduced by the same factor which we may designate as B. 
Ther in the same way as above we see that the surge impedance of 
each wire is 


1 
BCv 
E = Z 2 I 

The third set of components to be considered are those con- 
sisting of three equal currents J! in one direction in the three 
wires of one circuit and three equal currents — 7! in the opposite 
direction in the other circuit. In this case the capacitance to 
earth of one wire is "y C instead of C. Assuming each of the six 
wires is under the same influences, this value C applies to each 


Z = 


We then have for each wire 


wire. The corresponding value of surge impedance is 
Z! = : 
y Cv 


In the above we have started with six waves of given eurrent. 
In the same way we can start with six waves of given voltage and 
then calculate the wave currents after determining the surge im- 
pedances. For example, we would first find the average value E 
for the six waves. The average value for one circuit would be 
E + E! and for the other circuit E — E'. The differences E, 
and E;! could then be determined, knowing the total voltages 
Ea and £,'. After determining the various surge impedances 
Zi Z and Z!, the current components could be calculated and the 
total current in any wire would then be the sum of the com- 
ponents in that wire. 

In order to determine the various surge impedances, it is 
necessary to calculate C and the factors &,6, and ^y which depend 
upon the amount that the capacitances are affected by the 
presence of the other charges. There are several ways of doing 
this. One way is to work with unit quantities and determine 
how much the potential at one wire is affected by the presence of 
the charges on the other wires. For example, in the case of Zi 
we have to consider two wires oppositely charged. The effect 
of the unit charge of one wire is to make it have the potential, 


4.6 log 
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where h is the elevation of the wire and r is its radius. The 
opposite charge on the second wire decreases the potential of the 
first wire by the amount, i 


To 


4.6 log 
Ti 
where r, is the distance to the second wire and rz is the distance 
to its image. Therefore the potential of the first wire is de- 
ereased by the factor 


Since in the case of unit given charge the voltage is inversely 
proportional to the capacity we can say that the capacity of the 
wire is increased by the factor 


Q = 
2h 
log —— — log 


rı 

The factor B is determined in the same way, remembering that 
the charges are all of the same sign in this case and that there 
are six charges to be considered. Mr. Satoh uses an average 
value for the distance of the three wires of one circuit to one wire 
of the other circuit. Calling this distance r;! and the distance to 
its image rs! we see that the factor is 


2h 

log —— 

T 
= 2h ; 
B log —— + 2 log ue + 3 log = 
T Ti Ti 


The factor ^y is calculated in thesame way. Remembering that 
in this ease the three charges of one circuit are opposite in sign 
to those of the other circuit, we see that 

2h 


r 


log 
Y = 


. 1 
jio n 2 log —- — 3 log 2 
r Ti ril 

Mr. Satoh does not use the above faetors because he adds to or 
subtraets something from C to take account of the effect of the 
other eharges instead of multiplying C by a faetor. We have 
used the factor method for the sake of simplicity. 

Mr. Satoh gives some interesting diagrams showing reetangular 
waves on parallel wires and the effect of certain changes in circuit 
constants. He gives the calculations for the case of three equal 
waves on three wires of one circuit due to an impressed d-c. volt- 
age and three equal but smaller voltage waves on three wires of a 
parallel circuit due to induction from the first cireuit. However, 
he apparently omits the caleulation of the values of the induced 
wave which are the really important unknowns; and in the dia- 
gram the induced charges in the second circuit are incorrectly 
shown as having the same sign as the charges in the first circuit. 
These specific cases will require some further study and it there- 
fore seers best to consider them separately. One point of in- 
terest to us is the fact that when waves of about equal voltage 
arrive at a station on the three wires of a circuit, which perhaps 
is the usual occurrence, the surge impedance is greater by a con- 
siderable percentage than in the case of a single wire, and so the 
wave current and energy is correspondingly less. 

R. J. C. Wood: Some time ago we made some tests on 220-kv. 
lines of the Southern California Edison Company in order to 
get some idea of the frequency and magnitude of the surges that 
were actually occurring on the line. To help in this work the 
Westinghouse Company installed a number of klydonographs, 
and I wrote a paper about the results. 


One of the main points brought out which had a bearing on the 
actual transmission line was that surges are quite rapidly damped 
in traveling along the lines. 

Looking at the pietures of the waves shown in the paper one is 
led to think the wave is going to double up at the points of re- 
flection, and amount to something which may be quite serious; 
but aetually, on the line, these waves attenuate very fast. In 
faet we got measurements of surges about 100 or 150 per cent 
&bove normal at one station and 35 mi. away there was no indi- 
eation on the instrument of there being any surge at all; this does 
not mean that there was no surge at all but that it had been 
reduced to not more than some 25 or 50 per cent above normal. 

E. R. Stauffacher: There has been a number of cases on 
two 66-kv. lines single-tower, double-line construction, where the 
evidence of trouble on one of the lines has been found; but every 
indication regarding the relay operation pointed to the possibility 
of a trouble on the adjacent line. 

I wonder if Mr. Terman would give us a little light as to what 
might have happened on the second line due to a wave of high 
voltage induced on the second line, when the trouble originated 
on the first line. | | 

It would be one way of explaimng some rather peculiar and 
erratic relay operations. Otherwise we have to accept the 
theory that the trouble was not cleared promptly enough on the 
first line in trouble and the are went over into the other circuit. 

D. I. Cone: This paper presents in clear perspective and in 
generalized form the propagation of waves in a double-circuit 
line. An illustration of the practical utilization of the three 
paths described occurs in the four-conductor arrangement com- 
mon in communication practise comprising (1) two side circuits, 
one on each pair of wires; (2) ‘‘an earth return circuit using the 
four wires in parallel as one side," (The second path is very 
important from the standpoint of induction from external 
sources. It may also be used for communication purposes as in 
the simplex phantom telegraph circuit); and (3) a phantom 
**using each of these paths as one of its sides.” 

The impedances of the three paths for steady-state conditions 
at voice and higher frequencies are of the order of 700 ohms, 400 
ohms, and 300 ohms respectively for circuits of the ordinary open- 
wire construction. These figures areclosely similar to the surge- 
impedance figures for typical power circuits given in the paper. 

The assumption is stated that the earth’s surface is considered 
as a surface of infinite conductivity, giving a speed of propagation 
equal to that of light. In practise, for earth-return circuits the 
apparent speed of propagation, calculated from steady-state 
measurements may be less, by 20 per cent or more, due to such 
effects as the increased inductance per unit length of the circuit 
by reason of its penetration into the earth. 

Mr. Satoh’s seventh conclusion states: ‘‘Inductive interference 
to neighboring telephone circuits from the transmission lines is 
caused only by the second kind of wave and can be easily caleu- 
lated," meaning the case of the several wires with earth return. 
He assumes throughout the situation in which the influence of 
each of the three conductors of any one of the circuits on its 
neighbors is the same; that is, that each circuit is so thoroughly 
transposed or the wires are so disposed with reference to this 
circuit that the influence of each of the three wires is the same on 
any outside circuit; and with that limitation the statement as 
madeiscorrect. In the ordinary case that is not strictly true. 

In the work of inductive coordination, the separations being 
secured in present practise are such, that often the only problem 
is that of the second kind of wave. These give an influence 
which spreads out to great separations. 


Joseph Slepian: The work of Mr. Satoh is an interesting 
application of the resolution of a system of voltages and currents 
which are tied together by linear relations, into sets of normal 
components; that is into sets in each of which each voltage is 
proportional to its corresponding current. 

The best example we have had before the Institute of the 
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resolution of a system in this way was in the paper by Mr. C. L. 
Fortescue on Symmetrical Coordinates of nine years ago. In 
dealing with three-phase systems Mr. Fortescue resolved the 
line voltages and currents, (Ea, Es, Ec, Ia, Ib, Ie) into three sets of 
symmetrical components (Ko, Eo Eo, Io Io, Io), (Ei, a Ei, a Fi, 
Iı, aœ? Iı, a Iı), and (Ez, a Es, a? Ea, I2, a Ie, a? 15), where a is a 
complex cube root of unity. Evidently in each of Mr. Fortes- 
cue’s symmetrical components, each voltage is proportional to 
its corresponding current, and in addition to this simplicity to 
begin with, the equations for asymmetrical rotating machine take 
on the extremely simple form, Eo = Zo Io, E1 =Z, 11, Ee = Z: I. 
It is interesting to examine the general equations for the 
propagation of waves on parallel wires from this point of view 
and obtain the normal component waves of Bekku and Satoh. 
Neglecting resistances and leakages, and confining ourselves to 
the case of three wires, we have in general, if Ea, E», E. are the 
line voltages, and Ia, I», Ie the corresponding line currents in a 
traveling wave, the three equations 
Ea z Zaa Ia + Zab Is + Zac Ie 
Ey = Zba Iq + Zo I, + Zee I (1) 
Ee = Zea la + Zeo Io + Zec le 
We then put the problem of finding a wave such that in it the 
corresponding voltages and currents are proportional, 7. e., such 
that Ea = Z Ia, Eo = Z Ir, Ee = Z Ie. 
Substituting in the wave equations we get 
0 = (Zaa — Z) Ia + Zab Ib + Zac Tc 
0 = Zia Ia + (Zw — Z) Ib + Zr Le (2) 
0 = Zea Ia + Leb Tg T (Ze — Z) Ie 
In general this set of equations has only one solution namely 


Ia = Iy =I, =0. It will have other solutions, if and only if 
the determinant of the coefficients vanishes, that is, if 
| Zaa -Z Zab Zac | 
| Zea Zw — Z Zie | =0 (3) 
| Lea Zcb Lee -Z | 


This is a cubic equation for Z, and in general, has three roots 
Zi, Z2, Z3. There are then generally three normal component 
waves, each with its own surge impedance, Zi, Z2, or Z3. The 
relation between the line currents or voltages in any one com- 
ponent wave is given by substituting the appropriate value of 
Z in (2) and solving for the ratios between Ia, J}, and Ie Any 
arbitrary wave can be resolved into the sum of three normal 
component waves, and in terms of these normal components the 
wave equations (1) become 

E= Zil E. =Zele and E; = Z; I} (4) 

When the three lines are completely transposed, as in the case 

considered by Bekku, we have Zaa = Zb = Zee, and Za» = Zoa 
= Zp = Zu = Zea = Zac = 0, and equation (3) reduces to 

(Zea — Zar — Z? (Zaa + 2 Zab — Z) =0 (8) 
This is a degenerate case in which two of the roots are equal, 
Zı = Ze = Zaa — Za», and the third root Zs; = Zaa +2 Zap. 
Two of the normal component waves become indistinguishable 
then. Applying equations (2) we find that for the first two 
normal component waves, (indistinguishable from each other) 
Ia + Ie + 1; = 0, and for the third wave, Ia = J, = I4. Inany 
wave then in which 7, + Ib + I, = 0, we will have Ea = Zi Ia, 
Ep» = Zi Iv, Eo, = Zi Ie, and in any wave in which Ia = Ip = Ie, 
we will have Eo = Z: Ia, Ey = Zs Iv, Êe = Z: Ie. Any arbi- 
trary wave can be resolved into a superposition of two waves of 
these types. 


The general case of six wires can be treated as above, leading to 
six normal component waves. Where the six wires consist of two 
sets of three, each completely transposed, the six component 
waves will degenerate into the three of Satoh. 


F. E. Terman: I wish to begin by making some comments 
on the paper for myself. The value of Mr. Satoh’s paper is that 
it gives a method whereby we can determine the magnitudes and 
effects of waves as they actually exist on the transmission line. 
The classical case of a wave between two conductors, given in our 
textbooks, fails in many instances to cover the practical situation. 


unbalance. 
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By introducing slight modifieations, Mr. Satoh's method of 
attack can be applied to cases other than the thoroughly trans- 
posed double-eireuit three-phase line. For example, I think 
there would be no difficulty in solving the case of a three-phase 
line paralleled by a two-wire telephone line, and it seems that the 
same mode of attack might be of assistance in finding out some- 
thing about the effect of a ground wire on waves. The ground 
wire is grounded at frequent intervals, which complicates the 
problem, but a solution for a simplified ideal ease looks possible. 

Since the author of this paper is now in Germany, I have the 
somewhat difficult task of taking the author's | place i in answering 
points that have been brought up. 

In the supplementary diseussion, Mr. Brinton gives à very 
good physical picture of the mathematical solution given in the 
paper. I do not agree with him on several points raised in the 
last paragraph of his discussion, however. The paper does 
include the induced transients. The equations for determining 
the magnitude of the induced transient are given in the example, 
and the induced waves are clearly shown in the figures, such as 
Circuit No. 2, Fig. 3. The signs of the waves as given by Mr. 
Satoh are also correct. These waves represent voltage, not 
charge, and it is even possible to raise a wire above ground 
potential without any net charge on it if the wire is in a suitable 
electrostatic field. 

I remember Mr. Wood’s article giving data on ‘the attenuation 
of waves, and the unexpectedly high attenuation found for actual 
transmission lines undoubtedly does much to minimize the dan- 
gerous effects of lightning and other disturbances at some dis- 
tances from the trouble. Near the origin of the trouble the 
effects are still severe for at such points the waves have not 
attenuated appreciably. The effect of the high attenuation is to 
localize the region of danger, but does notin any way influence 
the severity of the disturbance near the source of trouble, by 
doubling of voltage waves, ete. 

Troubles such as described by Mr. Stauffacher might certainly 
be caused by induced waves, although a study of individual cases 
would be necessary to determine whether this was the real factor 
rather than other possible causes, when considering a specific 
type of trouble. The example given in Fig. 3 of the paper shows 
how trouble on one circuit will induce voltages on a second cir- 
cuit, and if this induced wave reaches a transformer its voltage 
will double and might flash over a weak place. 

Mr. Cone’s remarks are interesting and to the point. It 
might be added that the reflection of the steady-state wave 
caused by the resistance of the transmission system is one of the 
reasons why the velocity of phase propagation in the steady state 
is not as great as the velocity of light. 

The remarks of Dr. Slepian need no comment. They are 
complete in themselves, and I greatly enjoyed reading his clear 
statement of the general principles involved. 


In conclusion I wish to state that this paper was written from 
material incorporated in a thesis Satoh wrote at Stanford, and 
the paper is very condensed compared with the thesis, which 
contains much more material than is presented here. For 
example, Satoh worked out 15 to 20 numerical examples, and the 
theory has been worked out better than space permits him to | 
show in this paper. He has also worked out the solution of the 
double-circuit line under steady-state conditions, taking into 
account mutual inductive and electrostatic effects, and applied 
Forteseue's symmetrical-coordinate system to solve cases of 
Another section of the thesis worked out the differ- 
ential equations of the six-wire line not neglecting losses. His 
results give three waves, each attenuated by the losses indepen- 
dently of the presence or absence of other waves. The actual 
solution of these equations including losses was not made, but 
can be found in the literature of mathematical physics. 

The thesis upon which this paper is based and which covers 
these additional parts, is in the Stanford Library, and is available 
to anyone who would find it useful. 


Transients Due to Short Circuits 


A Study of Tests Made on the Southern California Edison 
220-Kv. System 
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Synopsis.—The paper deals with records which have been ob- 
tained during short circuits upon the Southern California Edison’s 
220-kv. system. The main features of the system are outlined, and 
such operating data as are necessary to afford an understanding of 
the various conditions which have to be met are included. The 
general scheme of relays is described, and the causes of flashovers and 
their times of occurrence are tabulated, together with the percentages 
which cause interruptions to service. Whether or not interruption is 
caused is found to depend, among other things, upon the load being 
carried at the time. With load below 160,000 kw., there are no 


INTRODUCTION 


HE ever increasing necessity of transmitting 

greater power over longer distances at higher 

voltages has led to considerable study during 
the last few years of the factors affecting the power 
limits of transmission systems. The ability of such a 
system to withstand short circuits without experiencing 
more than momentary disturbance is of the greatest 
importance in determining its economic capacity rating. 
The problem was first attacked by theoretical analysis, 
concentrating upon the steady state or static limits. 
Supplementary shop tests were made, insofar asa power 
system could be duplicated'in miniature, but assurance 
was still lacking that the results obtained would 
apply to actual systems. 


Subsequent analysis and observation of power 
systems indicated that their behavior during transients, 
such as those caused by short circuits and switching, 
was of the greatest importance. A very large amount 
of theoretical work was done in connection with this 
phase of the problem and an extensive series of tests 
was made upon the Pit River system of the Pacific 
Gas and Electric Co. The results of this work are 
described in two papers before the institute. The close 
agreement between the results of the test and calcula- 
tions indicated that any specific condition on a given 
system can be analyzed mathematically with a reason- 
able degree of accuracy, and the system designed 
accordingly. However, to obtain the over-all per-- 
formance of a system, it is necessary to know not only 
its performance under stated conditions but also the 
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interruptions unless relays are inoperative. A number of typical 
records of short circuits are shown and analyzed. It is shown that 
large amounts of power are consumed in short circuits, but that this 4s 
dependent upon the ground resistance. Practically all short circuits 
are single-phase to ground. The advantage of low-reactance 
machines is discussed and the various factors that prevent loss of 
synchronism pointed out. The records show that there is but little 
if any tendency for synchronous machines at either end of the line to 
fall out of step among themselves as a group, but that the sending end 
under certain conditions will get out of step with the receiving end. 


character and frequency with which such conditions will 
be met in practise. 


The Southern California Edison Company's Big 
Creek lines have been operated at 220 kv. since May 6, 
1923. Prior to that time, no automatic relaying 
of sections of the line was in use. Since relays have 
been in operation, the larger percentage of faults have 
been cleared without interruption to service; some of 
the short circuits occurring at times of heavy load have 
caused the two ends of the system to go out of step even 
after proper elimination of a faulty section of line 
by relays. This has happened also as a result of heavy 
short circuits on 60-kv. lines out of 220-kv. substations. 


In order to obtain information as to just what hap- 
pened on this system under these abnormal conditions, 
special recording instruments were furnished by the 
Westinghouse Company and installed at a number of 
points upon the system. By their use, data as to the 
type of trouble and its effect upon the system have been 
recorded. 


The purpose of this paper is to present the results of 
this investigation, which has been going on since August, 
1925. Although the details of the disturbances en- 
countered will undoubtedly be different on other 
systems in different localities, yet there will be points in 
common, and the range of conditions to be met will 
probably be of at least the same order on all systems, 
and the analysis be of more than local application. 


DESCRIPTION OF THE SYSTEM 


The detailed description of the Big Creek System 
has been published many times and only the main 
items will be included in this paper. 

The general design of the generating plants follows 
the unit system; that is, generator and transformer 
are connected as a unit to the higher-tension bus. 


The single-line diagram of the Big Creek system, 
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Fig. 1, shows the unit system (220-kv.) at each station. 
A description of each machine at the 220-kv. stations is 
given in Table I. 

The old Big Creek tower lines spaced 82 ft., center to 


center carry 605,000 cir. mil, aluminum conductors. 


steel reinforced, spaced 17.25 ft., horizontally from Big 
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Creek No. 1 to Eagle Rock. "The Laguna Bell tap is of 
similar construction with 666,600-cir. mil, aluminum 
conductors steel reinforced, spaced 22.25 ft. with tower 
lines on 156-ft. centers. The new Vincent line with 
1,033,500-cir. mil, aluminum conductors steel re- 
inforced, spaced 22.25 ft. follows an entirely different 
right-of-way, averaging approximately 18 mi. east of 
the two lines. 

The Vestal substation was built primarily for the 
purpose of supplying power to the 60-cycle systems in 
the San Joaquin Valley, with an occasional interchange 
of power. It also serves as a switching and sectional- 
izing station for the 220-kv. lines. 

Magunden and Gould are switching and sectionalizing 
stations only. Eagle Rock and Laguna Bell are the 
two main terminal stations from which the greater part 
of the power is distributed to the 60-kv. network. 

At present, power from the Long Beach Steam Plant 
(total capacity of 200,000 kv-a.) is normally absorbed 
in the 60-kv. system; under certain eonditions of load 
and during flashovers on the 220-kv. lines, steam power 
may be transmitted over 60-kv. lines through either or 
both Eagle Rock and Laguna Bell stations, the greater 
amount going through Laguna Bell on account of a 
more direct connection. 
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Kern River No. 3 (capacity 35,000 kv-a.) transmits 
power to Vestal over two 60-kv. lines. Other small 
plants are connected to the 60-kv. system at different - 
points. 


220-Kv. RELAY SYSTEM 


Since the 220-kv. transmission system of the Southern 
California Edison Company is the backbone of the 
entire system, the importance of perfect automatic 
sectionalizing is supreme. Statistics show that approx- 
imately all failures on the 220-kv. lines are one phase to 
ground. Therefore the most important protection on 
these lines is the ground fault protection. Since faults 
must be cleared in a very short time to prevent inter- 
ruption, a scheme that is not extremely fast in operation 
should not be used. 

The study of protection aast phase-to-phase 
faults is made by means of the ordinary calculating 
board; this alone is not sufficient, as protection is 
required against single-line faults to ground. The 
application of relays to satisfy this latter requirement 
requires the study of zero sequence, or residual currents. 

For instance, due to the fact that the two Big Creek 
lines are relatively close together as compared to space 
separating them from the Vincent line and the return 
ground paths, the phase-to-ground reactance of the 
two Big Creek lines in parallel is only slightly less than 
the single Vincent line. Therefore, the Vincent line 
will have more ground fault current than either the 
Big Creek lines with ground faults north of Magunden 
or south of Gould. However, with one Big Creek 
line out, the other Big Creek line will balance up with 
the Vincent line. 

Many relay schemes were devised and tried out on 
actual dummy systems. The one that proved most 
successful was the current balanced relays for phase-to- 
phase and phase-to-ground faults. All the Big Creek 
plants—Vestal, Magunden north, Eagle Rock, Gould 
south, and Laguna Bell -are equipped with two-line phase 
and ground balance current relays as shown schemati- 
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3 Line Relays |. 
1 Ground Relay 
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West B. C. Line East B. C. Line 


Fie. 2 


eally in Fig. 2. These are so connected that the tripping 
cireuit is opened by auxiliary switches when either line : 
oll switches are opened, thus leaving the second line in 
any one section non-automatie. Magunden, south, and 
Gould, north, are equipped with three-line phase and 
ground balanced relays. These are so connected that 
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TABLE I 
220-KV. STATION APPARATUS 
Synchronous machine | Transformer 
Size in % leakage Size in % leakage 
Plant Unit kv-a reactance kv-a reactance Ratio Connection. 
Big Creek No. 1.......... Generator No. 1 17,500 22 17,500 8.2 6.6/150 A/Y — 
s No.2 17,500 22 17,500 8.2 6.6/150 A/Y 
s No.3 17,500 22 17,500 8.2 6.6/150 , A/Y 
s No. 4 28,000 24.5 28,000 8.5 11/150 A/Y 
52,500 9.6 150/220 Y/Y 
52,500 9.6 150/220 Y/Y 
Big Creek No. 2.......... Generator No. 1 17,500 24 17,500 8.5 6.6/150 A/Y 
s No. 2 17,500 24 17,500 8.5 6.6/150 A/Y 
“ No. 3 17,500 24 17,500 8.5 6.6/150 A/Y 
« No.4 17,500 24 17,500 8.5 6.6/150 A/Y 
52,500 9.6 150/220 Y/Y 
52,500 9.6 150/220 Y/Y 
Big Creek No. 3.......... Generator No. 1 28,000 20.8 55,500 7.7 11/220 A/Y 
í No. 2 28,000 20.8 
e No.3 28,000 20.8 55,500 7.7 11/220 A/Y 
Big Creek No. 8.......... Generator No. 1 25,000 12.7 60,000 12.3 11/220 A/Y 
iu. co MC Dm Frequency | No. 1 15,000 22 13,500 8.7 150/15 A/A 
changer No. 2 15,000 23 15,000 9.3 69/12 Y/A 
52,500 9.6 220/150 Y/Y 
52,500 9.6 220/150 Y/Y 
34,500 9 150/66 A/Y 
Eagle Rock.............. Condenser No. 1 15,000 20.5 15,000 8.3 18/6.6 A/A 
s No. 2 15,000 17.5 15,000 8.3 18/6.6 A/A 
" No. 3 30,000 18.2 30,000 9 69.6/6.6 Y/A 
x No. 4 30,000 22.5 35,000 10.8 69/6.6 Y/A 
110,000 9.3 220/150 Y, Y 
110,000 9.3 220/150 Y/Y 
75,000 12.7 220/66 Y/A 
34,500 8.7 150/66 AY 
34,500 8.7 150/66 A/Y 
13,500 8.2 135/15 A/A 
13,500 8.7 135/15 A/a 
Laguna Bell............ Condenser No. 1 30,000 13 30,000 9 69/6.6 Y/A 
"i No.2 30,000 22.5 35,000 10.9 69/6.6 Y/A 
a No.3 30,000 22.5 35,000 10.9 69/6.6 Y/A 
60,000 18 220/60 Y/A 
60,000 18 220/69. Y/A 
All transformers star-connected have neutrals solidly grounded. 
if any one-line oil switches are opened the tripping clearing trouble oneitherline. Thereisshownschemati- 


circuits of the two sets of relays involved are opened, 
leaving balance protection between the remaining two 
lines in similar manner as above. Thus with two line 
switches opened the remaining line is non-automatic. 
Since Eagle Rock is tapped off the two Big Creek lines 
near Gould, the perfect three-line balance between 
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Magunden and Gould is destroyed. In order to keep 
the balance relays from functioning improperly an aux- 
iliary relay is used that will open the tripping circuit of 
the two Big Creek lines from the relays that balance the 
‘two Big Creek lines with the Vincent line, allowing only 
the balanced relays between the two Big Creek lines for 


eally the three-line balance current relays in Fig. 3. 
In ease one Big Creek line is tripped out, this 
auxiliary relay, after a delay of from three to five 
seconds, closes the tripping circuit to the other 
Big Creek line, through the relay that is balanced with 
the Vincent line. With a fault just out of Gould on one 
Big Creek line, the first switch to open is that line switch 
at Gould. The instant after this switch has opened, 
the current in the other Big Creek line at Gould is much 
greater than the current in the Vincent line. But since 
the tripping circuit of Big Creek line side of this relay is 
interrupted, the good Big Creek line cannot be tripped. 
However, immediately the proper switches at Eagle 
Rock and Magunden open clearing the trouble. Ina 
few seconds later the tripping circuit of the remaining 
Big Creek line is completed by the time delay auxiliary 
relay. | 


FLASHOVER SUPPRESSORS 


In the ease of trouble on the last or single line in any 
section, ordinarily the are can be broken only by lower- 
ing the voltage of the system. This is done by ac- 
tuating a time relay by means of ground current at all 
the Big Creek generating and 220-kv. substations, 
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which, in some cases, trips the voltage regulator, and in 
others, starts a motor-driven rheostat to lower the 
exciter voltage of the generators and condensers. The 
motor-driven rheostats proved too slow and complicated 
and had a variable time of operation. This has been 
changed to a contactor which normally short-circuits 
an adjustable resistance in the exciter field and which is 
opened in cases of continued excessive ground current. 
As soon as the ground current ceases to flow, the con- 
tactor is closed, cutting out this resistor and allowing 
the exciters to pick up. The resistance must be 
properly adjusted; if too small, sufficient-voltage drop is 
not obtained, whereas, too high a resistance may permit 
the exciter polarity to reverse. 


. DISTRIBUTION OF LOADS 

The division of power generated at Big Creek and 
Long Beach steam plants varies greatly throughout the 
year and is dependent upon the season and the load 
demand. During the spring run-off at Big Creek 
plants, these plants supply the greater part of the load, 
the steam being used for supplying peak demands only. 
During this time and early summer the main reservoir, 
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(Huntington Lake reservoir with a capacity of 88,000 
acre-ft.) is filled. 

The heaviest loads occur during the months of June, 
July, and August. Thus, after the run-off period and 
the lake has been filled, steam and stream flow plants 
run on block loads, and Big Creek plants use stored water 
for making up peak loads. The stored water has to 
supply peak power up to the time of next run-off; 
therefore, the rate at which the stored water is used is 
somewhat fixed, accounting for a definite amount of 
power; the remainder of the demand is supplied by 
steam. 

The period of spring run-off is illustrated by Fig. 4— 


the daily load chart for June 8, 1926. The maximum — 


hydraulic output possible was the maximum rating of 
the machines at this time, or 345,000 kw. None of the 
stream-flow plants has storage; their output is equiva- 
lent to the actual stream flow at any time. Since the 
load exceeded the total hydro generation, it was neces- 
sary to supply the peak loads with steam as indicated. 
It will be noticed that the maximum demand at Big 
Creek was 257,000 kw. and the minimum was 132,000 
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kw., the low load being from 12:00 midnight to 
6:00 a. m. 

The period after the run-off is shown by Fig. 5, the 
daily load chart of July 27, 1926. The steam plant 
supplied a constant load of 110,000 kw., while the 
remaining portion of the load ranging from 50,000 kw. 
to 210,000 kw. was supplied by the Big Creek plants, 
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the low load again being between 12:00 midnight and 
6:00 a. m. 

Fig. 6 is a yearly kw-hr. output chart showing the 
distribution of energy between the Big Creek plants 
and the Long Beach Steam Plant. It can be seen 
that during the months of April, May, and June a 
very small amount of steam power is generated. The 
transformer capacity at the various substations on the 
Big Creek lines is shown by Table I. 


POWER DISPATCHING AND GOVERNING 


The production engineer, having charts and measure- 
ments of the behavior of the whole system calculates 
from this information the amount of load to be carried 
at the various plants. Accordingly, the men in charge 
of the plants are informed as to the amount of power 
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to be generated. The general method of operation is to 
have one plant do the regulating while the others carry 
block loads. 

OPERATION OF RELAYS 


The normal operation on the 220-kv. lines is to have 
the balanced relays in service. When a fault occurs 
near one station it generally clears at that station first 
due to the greater unbalance. Since the relay trip 
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circuits are interlocked to be automatic only when both 
line switches are closed, the relays, after one line has 
opened, automatically become non-automatic. In 
order to have protection upon the faulty line when test- 
ing, it is necessary to arrange the balanced current relay 
to trip on that line only. Therefore, knife switches are 
properly connected for the purpose. In ease the line 
trouble has been removed, the switch will remain closed, 
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andinordertore-establish load overthis line, the balance 
current relays are then made non-automatic at each end 
of the section, the oil switch being closed in at theother 
end of the line. The relays are then made automatic. 

When all the 220-kv. lines are automatic the flashover 
suppressors are left out of service. But when a section 
of one line is out for repair, or otherwise, and the remain- 
ing line in this section is non-automatic, the flashover 
suppressors are placed in service. In case a flashover 
occurs on this one section of line, the flashover suppres- 
sors will operate. If, however, the fault should occur 
on a section of lines where relay protection is in service 
the relays will clear the fault before the flashover sup- 
pressors are brought into action, due to the fact that the 
suppressors have a minimum definite time of operation 
sufficient to allow clearance of line by line relays. 

The current setting of the line balance relays is suf- 
ficiently high to allow maximum load current to flow on 
one line with zero current in the other without causing 
the relays to operate. This is done so that if, by acci- 
dent, one line switch be opened in one section, the relays 
will not open the good line switch at the other end of the 
same section. The ground balance current relay 
setting is not affected by load conditions. Therefore, 
in a straight, two-line section, the ground balance 
relays may be set as sensitively as desired. In the 
section between Magunden and Gould, however, the 
ground relays balancing the Big Creek lines with the 
Vincent line must be set so high that the unbalanced 
ground current due to the difference of ground im- 
pedance of the three lines, with a through, short-circuit, 
is Insufficient to operate the relays. 


TIME AND CAUSES OF FLASHOVERS 
The total number of flashovers on the 220-kv. lines 
from January 1, 1924 to May 1, 1927, occurring during 
the various hours of the day is shown by Curve A, 
Fig. 7. Curve B is an average daily load curve for one 
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year. It will be seen that most of the flashovers have 
occurred between the hours of 3 a. m. to 7 a. m., during 
the light load period. Line C, indicating the load below 
which flashover does not cause outage shows correct 
relay operation and will be discussed later. (Refer also 


to Fig. 8.) 
TABLE II 
CAUSES OF FLASHOVERS 
Bird trouble.............. e ee 82* phase to ground 

Bushing flashover............... 3 M 
Fire under line................. 2 
Hay derrick in line...... RENE 2 “ 

' Wire of Ford spark coil thrown 
in line. eoi vun uaa a a E 1 i 
Vineinline................ eee 1 M 
Bus flashover................... 1 5" 
Cable splice broke. ............. 1 “ 
Disconnect fell open............. 1 s 


*One of these flashovers, due to strong wind, blew from phase to ground 
to phase to phase to ground. 

Table II shows tle causes of flashovers, also the kind 
of flashover; phase-to-phase, or phase-to-ground. 

Table III shows the data of flashovers on 220-kv. 
lines occurring during the period of tests. 

RESTORATION OF SERVICE 

Ordinarily when a section of line is cleared by relays, 
the service is not interrupted. Some times, with heavy 
loads, however, the shock to the system is too great 
and the Big Creek end and the receiving end fall out of 
step with each other. In this case, the steam plant 
picks up as much load as possible and the Big Creek 
plants try to hold normal speed. In the meantime, 
sufficient load is dropped, accidently or otherwise, so 
that the plants can pull up the load to normal speed. 
Normally this may take from one minute up to several. 

When a flashover occurs on a non-automatic section 
of line, the flashover suppressors lower the voltage and 
as soon as the arc breaks bring the voltage up. The 
devices are timed to make this complete operation in 
15 sec. Sometimes, at heavily loaded periods, the 
driving force at Big Creek pulls out of step with the 
rest of the system by over speeding. The system is 
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brought back together in a similar way as above but 
usually takes a little longer. 
SYSTEM OUTAGE 

The proportion of times the system is likely to be put 
out of service due to flashovers is variable, depending 
upon the load, system connections, and the severity of 
the trouble. 

Fig. 8 is a chart showing what the percentage of 
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TABLE III—Continued 


Big Total 


Connected | Creek ground Location opera- | opera- 
Date kv-a. generation| amperes of fault tion tion 
1926— Continued 
12-9 457,500 192,000 2100 233 (0) * 
12-11 | 440,000 176,000 1545 150 © 
12-17 | 427,500 233,000 1340 182 © 
12-26 | 298,000 67,000 1460 163 © 
1927 

1-4 in 97,000 1670 163 O 

2-18 sl 114,000 1320 32 © 

2—22 -- 70,000 i: s (0) 

5-1 T 141,000 2700 Not found g 
Correct relay operation....... © Relays not in service............ A 
Incorrect relay operation...... b System interruption............. * 
Partial relay operation........ e 


outages has been due to 220-kv. flashovers occurring at 
different loads. Curve A shows this relation in which 
outages from all causes are included. In Curve B, only 
those cases in which perfect relay action was secured are 
included. "The difference between the two curves is 
principally aecounted for by incorrect relay operation 
and operation with relays not in service. 


It will be seen that for loads below approximately 
150,000 kw., the probability of outage is very small and 
has been zero when the relay operation has been perfect. 
The Line C in Fig. 7 has therefore been drawn to this 
By reference to the load and flashover curves 
of Fig. 7, it will be noted that during the period in 
which loads in excess of 150,000 kw. are transmitted, 
the number of flashovers is small resulting in few actual 
outages. For this reason, the system can economically 
be operated at a high rating without serious possibility 
of outage. 


The 220-kv. system has been caused to fall out of 
step due to troubles originating on the 60-kv. lines, 
the relation between the percentage of outage and trans- 
mitted load being similar, in a general way, to the curve 
shown by Fig. 8. It has been found that by setting 
the relays on the 60-kv. system adjacent to Eagle Rock 
and Laguna Bell for short time tripping, the communi- 
cation of these troubles to the 220-kv. system has been 
very greatly reduced. 


RECORDING APPARATUS 


The instruments used during these tests were not 
designed for continuous operation, but were arranged to 
be cut into service whenever a ground current flowed on 
the 220-kv. system, due to a line-to-ground fault. The 
general plan of the initiating equipment of an automatic 
recording instrument control, is shown in Fig. 9. 
An induction type relay, A, is connected to oper- 
ate whenever current flows in the neutral of the 
main transformer bank at the station. This relay 
is set so as to operate in about one-tenth second with an 
average value of ground current. Its contacts complete 
the circuits of several auxiliary relays, which connect the 
different elements of the recording apparatus into 
circuit. The contacts of one of these auxiliary relays 
parallel the initiating relay contacts, locking the circuit 
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so that the instruments continue to operate even though 
the fault current has ceased. After a period of about 
25 sec. another relay, B, short-circuits the holding 
coil of the lock-in relay, causing it to open and dis- 
connect the apparatus. Wherever possible, the re- 
quired power was taken from a source independent of 
the main system, so that the instruments would 
continue to operate even though there was a service 
interruption. 

The various quantities measured are as follows: 

1. Power into or out of station 

2. Ground current 

3. Bus voltage 

4. Hydraulic gate opening. 

The installations were made at a number of remotely 
separated points on the system in order to record the 
changes taking place at different parts of the system, 
and also to insure getting at least one record for each 
disturbance. This was rendered necessary because a 
short circuit at one end of the system did not always 
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give a sufficiently large current at the other end of the 
system to operate a ground current relay. 


BIG CREEK No. 3 

Two specially designed high-speed graphic watt- 
meters are installed in this station for recording the 
total station output during transients, a wattmeter 
being connected on the low-tension side of each of the 
two power transformers. As shown by Fig. 1, one 
records the variation in output of two of the generators, 
and the other measures the output of the third generator 
in this station. In order to record the hydraulic input 
to one of the generators (unit No. 3), a mechanical 
recording device was fastened so that it recorded the 
position of the turbine gates. This device was cali- 
brated in terms of the corresponding electrical output of 
the generator for steady load conditions. Each of the 
three charts was driven by means of a synchronous 
motor, operated from a house generator, so that cor- 
responding times on the three records are known. 
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VESTAL 


A Westinghouse three-element, permanent magnet 
type oscillograph is installed at the Vestal substation. 
Two standard elements are used to measure the ground 
currents flowing in the two 220—150-kv. auto-trans- 
former banks. The third element is a wattmeter and 
records the power input to the 50-cycle side of one of 
the frequency changers. This element has a natural 
period of about 1/20 sec., making it suitable for record- 


ing rapid fluctuations of power. 


EAGLE ROCK 


The quantities on which measurements were made at 
Eagle Rock were the power to and from the Big Creek 
lines, the true power variations of one of the synchro- 
nous condensers, the ground current, and the voltageon 
the 60-kv. bus. The connections at this station were 
such that it was impossible to obtain a direct reading 
of the total incoming power, but since the transformers 
are paralleled on both the 220-kv. and 60-kv. sides, 
it was felt that sufficiently accurate power measure- 
ments would be obtained by measuring the power flow 
of one bank on the low-tension side, and multiplying 
by the ratio of the whole load to the load taken by this 
transformer. For this purpose a polyphase type of 
oscillograph wattmeter, having a natural period of 
about 1/20 sec., was employed. A similar wattmeter 
was used to record the variation in true power to one 
of the 30,000-kv-a. synchronous condensers. The total- 
ized ground current of the two banks of auto-trans- 
formers was measured by means of a standard 
permanent magnet type of oscillograph element. An 
auxiliary relay was used so that after the ground 
current had ceased to flow, this element was transferred 
to measure the voltage on one of the low-tension buses. 
The recording apparatus at this station was arranged 
to operate upon the occurrence of either a 220-kv. or a 
60-kv. ground. A cycle counter was used to measure 
the total duration of the ground current, subject to a 
slight error due to the time required for the initiating 
relay to operate. 

LAGUNA BELL 

The output of one of the 220/60-kv. step-down 

transformers at Laguna Bell is measured by a high-speed 


graphic wattmeter of a type similar to that used at 
Big Creek No. 3. 


Bic CREEK No. 1 


An additional installation was recently made at Big 
Creek No. 1, consisting of a single wattmeter element 
oscillograph, having a natural period of about 1/3000 
sec., so that power variations within the cycle are 
recorded. This installation has been in service but a 
few months and has not operated frequently due to the 
small magnitude of the ground currents at this station. 


TYPICAL RECORDS 
During the period in which the automatic recording 
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apparatus has been installed, records have been ob- 
tained on about 65 flashovers. Of these, no two are 
exactly alike, since they involve different system set- 
ups, different loads, and different type and location of 
fault. Consequently from the large number of records 
available, it has been necessary to select a few which 
may be taken as typical of the different conditions that 
may occur in practise. The total synchronous kilo- 
volt-amperes listed refer to the capacity connected at 
Big Creek, Vestal, Eagle Rock, and Laguna Bell. 

At the time this flashover took place, there was no 


o © o o o o o o Oo o o Oo © o o o o 6 o o o o 


m mt] | 
Eu BERE WU 
ae eee M CVNANAAUINNNNNARANINA ln aN 


is ar um TT iu SI al SO 


EEA ST 
a LLL | ^ AULA 


WOOD, HUNT AND GRISCOM: TRANSIENTS DUE TO SHORT CIRCUITS 


Iq d- LX Ga I LIT LL TM ly I i. 
ee E SE EE E E E BE BE D E E I! HH EH BVI Ad Ma A 


30m mus. pp oo b 3s qc m TRUM MI NU Mi 
E ADD NAT ERNTU QE SRRNBCRE D ER TATTALIN uud 


WR 
O Y am TAA AAWA Dii VS AUA LAANA ead ca WYA A 
AAA Ws Sats RO Wh EA NN 


75 


to fluctuate slightly, the rapidity of the fluctuations 
gradually increasing. This is probably due to the 
generators at Big Creek No. 1 pulling out of step with 
the rest of the system owing to the reduction in their 
field currents by the action of the flashover suppressors. 
After having thus pulled out of step, the mean output 
of Big Creek No. 1 is very small, and the loss of this 
generating capacity allows the system as a whole to 
drop in frequency. This causes the governors at 
Big Creek No. 3 in an attempt to regain normal 
frequency, to.open up as shown by the record of gate 
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Fic. 10— (SEPTEMBER 3, 1925). 


FLASHOVER ON 


150-K v. Bus AT Bra Creek No. 1. Bia CREEK 


GENERATION, 201,000 xw. TOTAL SYNCHRONOUS KiLovorTr-AMPERE, 424,000 


automatic protection in case a short circuit occurred 
on the 150-kv. bus, except that provided by the opera- 
tion of the flashover suppressors; consequently the short 
circuit continued for several minutes. The records 
were taken at Big Creek No. 3, and show the combined 
output of generators No. 1 and No. 2, the output of, 
and hydraulic input to generator No. 3. The first 
two seconds of the record is omitted since there 
was little variation during this period. At about 
three seconds after the beginning of the short 
circuit, the power output at Big Creek No. 3 begins 


opening of the No. 3 unit. Meanwhile, the are sup- 
pressors at Big Creek No. 3 have also functioned, 
making the generators in that plant incapable of sus- 
taining their load, and they also pull out of step, as 
evidenced by the rapid reversals of power. Each 
reversal in the direction of powér flow means that the 
generators at Big Creek No. 3 have slipped a pole with 
respect to the rest of the system, and that they are 
overspeeding. The hydraulic input to the generators 
is then decreased by the action of the governor until 
normal frequency is regained. The remainder of the 
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charts (not shown in the illustration), shows the 
clearing of the short circuit and subsequent building up 
of load. During this period, there was considerable 
hunting of the governors. 

This case may be taken as illustrative of the operation 
of the system without automatic line protection and 
with a large, transmitted load. At the time the short 
circuit occurred one of the 27-mi. lines, between Eagle 
Rock and Laguna Bell, was out of service, so that the 
balanced line relay protection could not be left in 
service. Therefore, the flashover suppressors at the 
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It will be noted, however, that when they pull out from 
the system, there is a tendency also to lose synchronism 
between generators. 

Fig. 12 group of records A, B, and C, taken at Big|Creek 
No. 3, is typical of 220-kv. flashoversnot resultinginloss 
of synchronism. Automatic protection was in service 
and perfect relay operation was secured. In the cases 
of the first two of these flashovers, the total transmitted 
power was about 150,000 kw. for the two circuits, which 
should cause no difficulty from the stability standpoint. 
In the third case, however, the power generated at Big 
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220-kv. FLAsHOVER AT Mite 212. Toran Bia CREEK GENERATION, 


206,000 Kw. Tora, SvNcuRoNous Kv-a., 439,500 


various stations operated to reduce the machine excita- 
tions until the arc broke. Before this happened, how- 
ever, the system pulled out of step owing to the reduc- 
tion in voltage, and partly because the action of the 
governors at the Big Creek Plants had increased the 
total generation to meet the demand made by the short 
circuit. An important point brought out by these 
records and those of Fig. 10 is that there is no tendency 
for the generators in a given plant to lose synchronism 
with each other so long as the generators as a group 
remain in synchronism with the rest of the system. 


Creek was 218,000 kw. and the successful clearance of a 
fault at this load is excellent performance,—particularly 
since it involves dropping a 100-mi. section of line. 
Note that the high-frequency oscillations at the begin- 
ning of two of these records are mainly due to inertia of 
the pen mechanism. 

The flashover, Fig. 18, was over a 150-kv. bushing at 
Eagle Rock; hence the greater part of the short-circuit 
current circulated through the station grounding network 
without the inclusion of any earth contact resistance. 
This low resistance type of short circuit differs from the 


Sept. 1927 


usual type experienced on the transmission line, since 
practically no power is consumed by the fault itself, 
while the system load is probably decreased because of 
the greatly reduced voltage in the part of the system 
near the fault. The sudden loss of load allows the sys- 
tem frequency to increase somewhat, thus causing the 
governors on the Big Creek machines to cut off water as 
shown by the record from No. 3 unit at Big Creek No. 3. 
As in the case of the bus short circuit at Big Creek No. 1, 
the flashover suppressors were relied upon to clear the 
fault, which they were able to do without causing the 
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while it was thus without automatic protection, and 
before being de-energized. It will be noted that barely 
three seconds elapsed before the generators pulled out 
of step, showing that any relay system to be adequate, 
must operate in a very short period of time. 

In this particular case, in some unknown way, one of 
the wattmeter coils was inoperative, the instrument 
giving a single-phase reading only, which accounts for 
the small amount of power indicated after the short 
circuit was cleared. The actual amount of power lat 
that time was close to 60,000 kw. The charts, how- 
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B— (DECEMBER 23, 1925). 


220-Kv. FLASHOVER AT MILE 8. ToTaL Bia CREEK GENERATION, 


100,000 Kw. Tota, Syncuronous Kv-a., 351,000 


C—(AvcvusT 12, 1926). 


220-Kv. FLASHOVER AT MILE 61. TOTAL Big Creek GENERATION, 


218,000 Kw. Tota, Syncuronovus Kv-a., 479,500 


system to pull apart, since the transmitted load was but 
81,000 kw. Total synchronous kv-a., 284,000. 

Two records, Fig. 14, from Big Creek No. 3 affordan 
excellent illustration of the necessity for prompt isola- 
tion of a faulted line. The first flashover was caused by 
a hay derrick under the line, which was readily cleared 
by the relays and the line put back in normal service. 
About two hours later, in order to move the derrick, the 
line was made non-automatic prior to being taken out of 
service. But the derrick again short circuited the line 


ever, serve the purpose of showing the difference 
in the operation with and without automatic protection. 

This flashover, Fig. 15, occurred ata time when the 
transmitted load was fairly high, and, in addition, the fault 
resistance was of such a value as to cause a large amount 
of power to be consumed. This combination of cir- 
cumstances was such as to cause loss of synchronism 
despite the fact that the line was relayed out correctly. 
The oscillographs from both Eagle Rock and Vestal 
showed that the generators had commenced to pull out 
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of step within three-fourths second after the beginning 
of the flashover. (The first visible cycle on the oscillo- 
grams taken at Eagle Rock and Vestal are about 20 
cycles after the start of the short circuit due to the time 
lag of the relays and the oscillograph lamp.) The varia- 
tion in magnitude of the ground current is due to the 
change in voltage as the Big Creek machines shift in 
phase position]with reference to each other and to the 
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Fic. 15— (DECEMBER 9, 
Mine 233. Totat Bia CREEK GENERATION, 
''orAL SyncHRONOUS Kv-a., 457,500 


remainder of the system. The first visible part of the 
record shows that the ground current first decreases and 
then pulsates in amplitude indicating that the phase 
position of the Big Creek machines has advanced beyond 
the point corresponding to the maximum power limit. 
The enormous amount of energy consumed by this 
flashover is shown by the records from Laguna Bell and 
Eagle Rock. While the short circuit lasted (about 1.5 
sec.), the power fed out of the Laguna Bell substation 
was over 90,000 kw. (this is the maximum the instru- 
ment could record in this direction), while the amount 
of power originally fed into this substation was 74,000 
kw., a difference of over 164,000 kw. The original 
amount of power into the Eagle Rock substation was 
120,000 kw., dropping to 30,000 kw. when the flashover 
struck. Therefore the total Big Creek power to the 
two receiving stations changed from 194,000 kw. in, 
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to 60,000 kw. out, when the flashover occurred, a dif- 
ference of 254,000 kw. No record was obtained of the 
corresponding variation in Big Creek power, but it is 
probable that it dropped somewhat momentarily owing 
to the comparatively low resistance of the fault and the 
high reactance of the 233-mi. of line. 

It will be noted that a greater variation in power took 
place at Laguna Bell than at Eagle Rock. This is 
undoubtedly due to the fact that the Long Beach 
steam plant is more closely connected to the Laguna 
Bell substation so that most of the power fed to the 
fault from Long Beach went through Laguna Bell. 

Fig. 16 shows oscillograms typical of those obtained 
where the system does not pull out of step with a 220-kv. 
flashover. The drop in voltage is very slight even while 
the short circuit is on, and it immediately regains its 
original value after the short circuit is cleared. Except 
for this slight drop in voltage and small power surges, 
there is no system disturbance. The oscillogram taken 
at Eagle Rock furnishes a good illustration of the suc- 
cessive opening of circuit breakers as shown by the 
changes in ground current. Owing to the line con- 
nections employed, it is necessary for the breakers at 
three points to open to clear a fault in the section where 
the flashover occurred, increasing the total time re- 
quired before the fault could be entirely cleared. 

Theshort circuit, Fig. 17, occurred on one of the 60-kv. 
feeders out of the Eagle Rock substation. The last 
breaker to completely isolate the faulted line probably 
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opened at the point marked A. The Big Creek 
generators have already advanced beyond the point 
where recovery is possible, and pull-out results. In 
this case, the power surges back and forth between 
the Big Creek end of the system and the receiver end, 
with a surge of about plus or minus 100,000 kw. at the 
Eagle Rock substation. The variations at Laguna 
Bell are probably at least equal in magnitude, so that 
the total resultant power surge is probably of the order 
of 200,000 kw. in each direction. During this condition 
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of slip between the two ends of the system, the mean 
power interchange is zero except for the line losses which 
are, in the main, supplied from the end running at the 
higher frequency (in this case the Big Creek machines). 

The amplitude of voltage at the Eagle Rock sub- 
station varies at the slip frequency, as shown by the 
oscillogram. The fact that the fluctuations in syn- 
chronous condenser power occur at this same frequency 
shows that the condensers are maintaining synchronism 
with the bus to which they are connected, and are not, 
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themselves, out of step. No instances have been 
recorded in which synchronous condensers have gone 
out of step with the station bus voltage. 

Fig. 18 gives a record included for the purpose 
of showing the type of the disturbance caused by 
a 60-kv. short circuit near MeNeil substation, not 
resulting in loss of synchronism. The voltage on 
the 60-kv. bus dropped appreciably while the short 
circuit was on, but quickly regained its normal value 
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with very slight fluctuations accompanied by a surging 
of power from the Big Creek system. The breaker on 
the end of the line nearest to Eagle Rock probably 
opened at point A, reducing the ground current 
required below that to hold the initiating relay closed. 
The measurement of the 60-kv. bus potential starts at 
this time, the voltage being about half of normal until 
the short circuit is completely cleared at B. 


DISCUSSION OF INDIVIDUAL FACTORS AFFECTING . 
STABILITY 


Out of a total of 65 disturbances taking place 
during the period that automatic recording apparatus 
was installed, there were practically no cases in which 
the system set-ups were identical or in which character 
of faults were the same. Consequently, it is not 
possible to make a direct comparison of some of the 
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factors without the use of a certain amount of supple- 
mentary theory to place the cases on a common basis. 
The purpose of the following section is to isolate some of 
the factors affecting stability, and to analyze them 
individually, drawing upon the test results as much as 
possible. 


TYPE OF FAULTS 


The 220-kv. disturbances occurring between August, 
1925, and May, 1927, are as follows: 


220-kv. line to ground . . . 59 
Station bus to ground... .4 


Conductor-break........ 1 
Open disconnect........ 1 
65 


These faults occurred in almost every possible com- 
bination. They included high-resistance faults at 
many points on the 220-kv. lines, low-resistance faults 
on the 150-kv. buses at the ends of the line, and occurred 
at times of widely varying loads; also, the operations 
have included those in which normal relay protection 
was in service and other eases in which the lines for 
maintenance work or otherwise were operated non- 
automatically. As shown by the tabulation, all but 
two of the faults were single-phase short circuits to 
ground, the protection for which should be made the 
basis of design. -In this connection, it should be pointed 
out that although very few records were obtained from 
faults on the 60-kv. network, the number of faults on 
this network exceed those on the 220-kv. system. 


With the initiating relay scheme used, only the 60-kv. 


faults near the Eagle Rock substation were recorded. 
So far as the stability of operation of the 220-kv. system 
is concerned, only the 60-kv. faults occurring close to 
the Eagle Rock or Laguna Bell Substations are of 
importance. For these reasons, most of the subsequent 
discussion will be devoted to line-to-ground faults on 
the 220-kv. lines, and those line-to-ground faults on the 
60-kv. system, close to the receiving substations. 


LOCATION OF FAULTS 


The location of a fault affects the stability of the 
system in two ways: (1) according to the amount of 
synchronous equipment and load in proximity to the 
fault, and (2), in so far as the local conditions affect the 
resistance of the fault. In order to evaluate the effect of 
the first, a set of curves was calculated to show the the- 
orectical variation in the voltage, current, and power 
relation for faults of different resistance and locations. 
These curves were based on two-line operation with a 
single-phase ground on one line. A representative 
system condition was approximated by taking an 
average capacity in generators at the two ends of the 
line. Certain simplifying assumptions were made to 
facilitate calculations, the resistance of the lines and 
station ground being neglected and the generator volt- 
ages being assumed equal and in phase. "The curves 
of Fig. 19 show the variation in total fault eurrent 


Sept. 1927 


against location of fault for different fault resistances. 
With zero fault resistance, the current varies from about 
2000 amperes in the middle of a section, to about 3000 
amperes at either end. As the assumed resistance of 
the fault is increased, the variation due to location 
becomes less marked until, with 100 ohms resistance, 
the magnitude of the current is practically independent 
of the location. In order to get an approximate idea 
of the range of fault resistances actually encountered in 
practise, the values of total fault current obtained for 
different flashovers are plotted on this diagram. 
Graphic recording ground ammeters are used in all of 
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the 220-kv. generating and substations, and the sum of 
the readings of these ammeters was used to indicate the 
total fault current. The values thus obtained are not 
very accurate, since the ammeters were not of.a type 
suitable for accurate measurement when the current 
was of short duration, and because the arithmetical 
rather than the vector sum was obtained. However, 
for purposes of comparison, it is believed that the figures 
are sufficiently reliable, particularly since, with so 
many readings to be added, the individual errors would 
tend to cancel out. By comparing the observed and 
calculated values, it will be noted that the actual fault 
resistance varies from about 25 to 250 ohms. The 
lower values of fault resistance are found near the 
region of the receiving end of the system, and the higher 
values toward the sending end. This difference can be 
explained by the character of the country through 
which the transmission lines pass. The generating 
stations are located in a region of rocky formation where 
the water is very pure and the ground resistance is 
high the year around. The upper part of the transmis- 
sion lines also passes through this region. The middle 
and part of the lower section of the transmission lines 
passes across the San Joaquin Valley, the surface soil 
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of which, for a large part of the year, is dry. For this 
reason the resistance at the point of accidental ground, 
such as at a transmission line tower, is quite high, even 
though the towers are connected by means of an over- 
head ground wire. The lower portion of the transmis- 
sion lines is located nearer the Coast, where the soil 
does not become thoroughly dried out, giving a lower 
contact resistance. As mentioned above, the cal- 
culated curves were based on the assumption of zero 
ground resistance at all stations. Owing to the char- 
acter of the soil at Big Creek and Vestal, the resistances 
at these stations are probably too high to be neglected, 
and there is probably a certain amount of error due to 
this assumption for these stations. 

The flow of current through the fault resistance causes 
a very considerable power demand upon the system, 
which must be supplied by the generators at the two 
ends. Fig. 20 shows the calculated variation in the 
power consumed by a fault of 100 ohms resistance, 
according to its location on the system. Curve A 
shows the total power, Curve B, the portion supplied by 
the Big Creek generators, and Curve C that portion 
supplied by the generators at the receiving end of the 
system. From these curves, it will be noted that, with 
a fault close to the sending end, most of the power loss 
will be taken by those generators, while if the fault is 
located near the receiving end, the greater proportion of 
it is taken by the receiver generators. This division 
of the power increment due to the short circuit may be 
quite important. With a given relation between the - 
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total stored energy of rotation for the machines at the 
two ends of the system, the division of the power incre- 
ment will determine the initial tendency toward 
shifting in phase position. For instance, suppose that 
the kinetic energy of the receiving end machinery is 
twice that at the sending end. For the condition for 
which the curves of Fig. 20 are drawn, and with the 
short circuit at the receiver end, 100,000 kw. of the in- 
erement of load due to the short circuit is taken by 
the receiver generators, and about 50,000 kw. is taken 
by the sending generators. Both ends of the system 
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will therefore slow down at the same rate, and there will 
be very little, if any, change in their relative phase 


positions; consequently, when the fault is eventually . 


isolated, the disturbance will be slight. As the other 
extreme—if the short circuit oceurred near the sending 
end, the sending generators would slow down about 
four times as rapidly as the receiving generators, and a 
eonsiderable oscillation would result, depending upon 
the time in the period of oscillation at which the circuit 
breakers opened. No direct evidence bearing upon 
this point was obtained from the records, but it should 
be pointed out that when the Big Creek system is 
heavily loaded, the generating capacity at the receiver 
end is relatively low, making the kinetic energy of the 
machines at the two ends of the line of about the same 
order, a condition favorable to preventing large 
oscillations. 


FAULT RESISTANCE 


As indicated by the Curves of Fig. 19, thefault current 
is determined very largely by the fault resistance 
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when it is above approximately 25 ohms. The relation 
between the curves and the points obtained from 
ground current ammeter readings indicate that the fault 
resistances vary considerably, ranging from about 25 
to 250 ohms. This value of ground resistance is very 
important in its effect on the system as is shown by 
Fig. 21 which gives the different fault resistances for 
phase-to-ground fault at Magunden substation. The 
two most important quantities from the standpoint 
of stability are the reduction in voltage and the 
increase in power demand caused by the short 
circuits. Between 0 and 50 ohms, the positive sequence 
voltage varies from 64 per cent to 80 per cent, while 
the power demand varies from 0 to 150,000 kw. These 
curves were calculated for a short circuit at Magunden, 
and this range of resistance is the most critical for this 
point. Between 50 and 100 ohms, ground resistance, 
the power demand due to the short circuit is practically 
unchanged, while the positive sequence voltage rises 
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from 80 to 92 per cent. Although the results to the 
system are not so severe within this range as at 
the lower resistances, it is also rather a critical one, 
owing to the high power demand. Beyond 100 ohms, 
the power demand falls off rapidly, while the positive 
sequence voltage remains at a high value, resulting in 
the least shock to the system. For short circuits at 
other locations, the maximum power demand would be 
considerably increased. The commercial load on the 
system is also changed by the short circuits, depending 
upon the drop in voltage and its duration. 

The enormous amount of power consumed by a single 
phase ground is well brought out by the record from 
Laguna Bell shown by Fig. 15. In this case the power 
taken by the fault was sufficiently great to change the 
power flow at the receiving substations from 194,000 kw. 
flowing in, to over 60,000 kw. flowing out. Assuming 
that the Big Creek power momentarily dropped by 
about 50,000 kw., due to the lower voltage at the 


receiver end, the indications are that about 200,000 kw. 


was consumed in the fault. When it is recalled that the 
total ground current during this flashover was over 
2000 amperes, it will be seen that a fault resistance of 
only 50 ohms is necessary to account for the power in 
question. The effect of this load, suddenly thrown on 
and then suddenly released, was sufficient to cause the 
system to lose synchronism. 

It should be noted that the conditions on the 220-kv. 
lines of the Southern California Edison Company are 
very favorable from the standpoint of fault resistance, 
since the very great majority are over 100 ohms in 
resistance, while the resistances which would cause the 
most disturbance are considerably lower in value. 
This fact should be borne in mind when estimating the 
probable performance of other systems by comparison, 
because if the fault resistances are low, poor operation 
may result even though the system is otherwise well 
laid out. 

Owing to the great importance of ground resistance in 
determining the action of the system, it may in some 
cases be desirable to take special precautions to keep 
the resistance above the critical value by using high 
resistance overhead ground wires, resistance grounding 
of transformer neutrals with full, 220-kv. class insulation 
or some other method; whichever may be found to be 
most practical in any particular case. 


RELAY OPERATION 


The importance of quickly isolating a fault was dis- 
cussed to some extent in connection with the flashover 
of April 22, and December 9, 1926. In the case of the 
first two flashovers, a direct comparison between a 
rapid relay operation and no relay operation was ob- 
tained under practically identical circumstances. With 
the rapid relay and switch operation (about 1.2 sec.), 
it was possible to cut out a 100-mi. section of line while 
carrying 190,000 kw., and not drop out of step. A 
little later when the line was made non-automatic, the 
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system pulled out of step within three seconds after the 
short circuit occurred, showing that relay operation 
taking this length of time would not be effective for 
this particular set-up. In the case of the last flashover, 
the particular combination of high transmitted load and 
critical fault resistance was such that in order to have it 
effective, the total time for the relays and circuit 
breakers would have to be less than one-half second. 
When a flashover occurs, the machines at the two 
ends of the system shift in phase position so as to con- 
form to the new conditions. Due to their inertias, 
however, there is always a certain amount of oscillation. 
A similar tendency to shift in phase position exists 
when a circuit breaker opens to clear the fault, and the 
oscillation which this would tend to create may either 
add to or subtract from that already existing, with a 
corresponding influence on the system. There is thus 
an optimum time for the clearance of a given fault 
which is not necessarily the minimum time. Since no 
definite time of circuit breaker opening will be satis- 
factory for all cases, the best procedure is to obtain as 
quickly as possible an isolation of the fault. With the 
balance current type of relay used, it is possible to secure 
very rapid relay action, the minimum time being 


principally determined by the time required for the - 


circuit breaker to open after being tripped. 

Oscillographic measurements during a large number 
of flashovers give the following average times from the 
beginning of the short circuit for operation of circuit 
breakers. Straight line sections, (two breakers to 
completely isolate line), 0.75 sec. for first breaker to 
open; 1.2 sec. for last breaker. Tapped line, (three 
breakers to completely isolate line), 0.75 sec. for first 
breaker, 1.3 sec. for second breaker, and 1.7 sec. for 
last breaker. 


SEQUENCE OF CIRCUIT BREAKER OPERATION 

In practically every relay scheme now in use, it is 
necessary, under some conditions, for the circuit breaker 
at one end of the line to open before some other relay 
can operate. This means that the faulty line is not 
opened at both ends at the same instant, but that there 
is a time interval between the operation of the breakers 
at the two ends. Due to the setting of the relays, and 
the adjustment of the different breakers, this effect has 
been observed in every case. "This effect is probably 
advantageous from the standpoint of stability, since it 
reduces the size of the changes necessary to drop the 
heavy load. due to the fault, and resume the normal 
load. This point is illustrated by Fig. 16; the oscillo- 
gram taken at Eagle Rock during the flashover of 
November 30, 1926, where three circuit breakers opened 
one after another to finally isolate the faulty section of 
line. This oscillogram shows the abrupt change at the 
instant the breakers opened, and the gradual readjust- 
ment between this time and the time that the next 
breaker opened, so that when the last breaker opened, 
clearing the fault, there was comparatively little change 
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required to resume the original load, and the power 
oscillations are small. An interval of time between 
breaker operation appears desirable, but the advantage 
of a gradual change would probably be overbalanced 
if the short cireuit were permitted to hang on too long. 
For this reason, set-ups are avoided so far as possible 
which would too greatly prolong the time required to 
isolate the faulted section of line. 


LENGTH OF LINE SECTIONS 


Owing to the fact that other conditions had a greater 
effect, it is not possible to show from the records the 
influence of the length of line section on stability of 
operation. Other things being equal, however, it is 
probably safe to assume that the length of the section 
affects the working power limit of the line about in- 
versely as the percentage increase in the total system 
impedance, (including generator and transformer re- 
actance), caused by switching out the section. 

SYSTEM LAYOUT 


The primary factors governing the location and 
general arrangement of generating and substations are, 


of course, the location of the available power and the 


load. However, a certain amount of freedom is per- 
mitted in the case of the larger distributing substations, 
and these are, in general, located so as to avoid, as 
much as possible, too large a concentration of power. 
Complicated ties between stations are also avoided, 
so that in case of emergency, it will be possible to 
separate some of the sections from the main system with 
a minimum of switching. The synchronous condenser 
capacity required for line regulation and for power 
factor correction is divided between the various receiv- 
ing substations, and the small substations near the load. 
One of the advantages of this arrangement lies in 
reducing the number of synchronous machines which 
may be affected by a given short circuit, thus reducing 
the area affected. 
SIMULTANEITY OF BREAKER CONTACT OPENING 


In some previous‘ tests reported on the action of 
220-kv. breakers, it was found that in some cases, the 
difference in the opening of the three poles of the 
breaker was sometimes as much as 20 cycles, due to 
poor mechanical adjustment. During this interval, a 
ground current flowed. So far, there have been no 
instances shown by the oscillograms in the tests on the 
Edison system where there was any appreciable differ- 
ence between the time of opening of the various poles . 
of the breakers. When a 220-kv. line is opened, there 
is a voltage of appreciable magnitude induced in the 
communication circuits, but this is always of short 
duration, and has been satisfactorily cared for by means 
of saturating vacuum tubes in the telephone apparatus. 
The relay scheme, however, since it is of the balance 
current type, is not affected by residual currents of this 
kind. 

4. Practical Aspects of System Stability, by Roy Wilkins, 
Trans. A. I. E. E., Vol. XLV, 1926, p. 41. 
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REACTANCE OF TRANSFORMERS AND MACHINES 


Owing to their nature, the tests could not show the 
value of low reactance in increasing the power limit of 
the system, but this point has been very well established 
by theory, and extensions of the system are being 
equipped with generators and transformers having 
reactances lower than the usual values. 


60-Kv. SHORT CIRCUITS 


On the Edison system, it has been the experience that 
short circuits on the 60-kv. network may be quite as 
detrimental to the operation of the 220-kv. lines as 
short circuits on the 220-kv. lines themselves if they 
occur close to the 220-kv. terminal substations. 
Fundamentally, short circuits close to terminal sub- 
stations should differ but little in their effect upon the 
system whether they are on the 60-kv. or 220-kv. 
networks. Such differences as may actually exist must 
be due to conditions affecting the kilowatt and kilovolt- 
ampere demand on the system, and the duration. As 
pointed out in a previous section, the resistance of the 
majority of the faults on the 220 kv. lines is above the 
critical range owing to the character of the country 
through which these lines pass. On the 60-kv. network, 
the critical range of resistance is considerably lower, 
approximately the ratio of the squares of the two 
voltages), but these lines pass through regions where it is 
known that the ground resistances are quite low. It 
appears probable, therefore, that the relatively greater 
severity of 60-kv. short circuits is, in part, due to the 
fault resistances being within the critical range. Con- 
sideration is now being given to the possibility of re- 
dueing the fault currents under phase-to-ground fault 
conditions by using transformers with delta connections 
on the 60-kv. side and possibly by removing the grounds 
from some of the transformer neutrals where more than 
one bank is located in a given station. 

It was found by experience that very greatly im- 
proved operation of the 220-kv. system was obtained 
by reducing the time settings on the relays for the 60 
kv. lines out of the Eagle Rock and Laguna Bell sub- 
stations. 

GOVERNOR OPERATION 


In practically every case of a flashover to ground on 
the 220-kv. lines, the records obtained have shown that 
the governors on the Big Creek generators operate to 
increase the input to the machines. This effect, as 
shown by Figs. 10 and 11, is likely to produce instability. 
When a flashover occurs the capacity of the line for 
through power transmission is reduced, owing to the 
drop in voltage, and when the faulty section is finally 
cut out, the transmission capacity is reduced still 
further over that originally available. Also, the os- 
cillations in phase position of the various synchronous 
machines require that a flow of power in excess of the 
average load on the machines be available to hold them 
in synchronism. Any increase in the average load will 
cause the peaks of the power oscillations to reach 
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higher values, and if they then exceed the transmitting 
capacity of the system, the generators will pull out of 
step from the rest of the system. This point is illus- 
trated by Fig. 22 showing how normal governor action 
may increase probability of pull-out, being the tran- 
sient power limit of the system being represented by 
the line A. Curve B is a hypothetical curve show- 
ing the variation in power output of the sending 
generators, and Curve C is the prime mover input 
to them. It is assumed that the added power 
taken by the fault causes the system as a whole to 
slow down, thus making the governors of the water- 
wheels admit more water. The peaks of the power 
output oscillations increase until they reach the 
maximum capacity of the system at which point the 
momentum of the generators in their oscillation cannot 
be absorbed by the system and they pull out. When 
the machines overspeed, the governors finally operate 
to reduce the input as shown by the continuation of 
Curve C. The remedy for this condition is to have a 
system of control that will partially elose the waterwheel 
gates upon the occurrence of a major disturbance, and 
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later, after a proper interval of time, reopen nen to 
their previous value. 

The purpose of this arrangement would be to tem- 
porarily lower the input to the machines to conform to 
the temporarily reduced capacity of the transmission 
lines, and after the trouble is cleared, to gradually 
resume the normal load. Since at light loads it is 
unnecessary to take any special precautions to obtain 
stable operation, the relay-selecting scheme would be 
arranged to prevent operation unless the transmitted 
load was in excess of a certain predetermined value. 
This scheme is now being given consideration for use 
on the Big Creek generators. Depending upon the 
rate at which the gates can be closed, the use of a device 
of this kind should materially reduce the number of 
disturbances causing interruption of service, and, in 
the case of those which do, should facilitate the restora- 
tion of service by permitting the system to pull together 
more rapidly. 
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REGULATION 


In every case observed with the exception of that 
illustrated by Fig. 15, loss of synchronism, if it took 
place, did not occur until one second or more after the 
beginning of the disturbance. This shows that an 
appreciable time is available in which the field excitation 
of the synchronous machines may be increased to con- 
form to the additional requirements. This can be 
accomplished only if the voltage regulator is capable of 
responding quickly and accurately and the exciters are 
able to build up in voltage rapidly. The object of a 
quick-response excitation system is to rapidly build up a 
voltage across the field winding of a synchronous 
machine, to provide sufficient additional magnetomotive 
force to neutralize the demagnetising action of the short- 
circuit current flowing in the armature windings. 
Owing to the fact that with a high resistance fault the 
voltage on one of the good phases may actually rise, 
the ordinary voltage regulator, if connected to this 
phase, would tend to reduce the excitation. This 
possibility can be overcome by the use of a regulator 
operated by means of a positive sequence network, and 
the new generators for power house No. 2-A, in addi- 
tion to having a quick response system of excitation, 
will also have this type of regulator. 


TRANSMITTED LOAD 


Whether or not a given system is able to withstand a 
disturbance is determined by the particular combination 
in which the controlling factors occur, as discussed in 
previous paragraphs. It is therefore impossible to 
place a definite numerical value on the transmission 
capacity of the system. However, data are available 
on a sufficient number of cases of flashover to permit of 
curves being drawn, showing the percentage of flash- 
overs which cause outages at different loads. The 
curves of Fig. 8 were drawn for troubles originating on 
the 220-kv. system only, for the over-all operation of 
the system and for those cases in which perfect relay 
operation was secured. These curves show that the 
probability of an outage increases with the load being 
carried. The permissible operating loads depend 
largely upon local factors, such as frequency and 
time of occurrence of disturbances and perhaps even 
more upon how far it is justifiable toincrease the cost of 
power in order to achieve greater reliability of service, 
ete. On the Edison system most of the flashovers occur 
in the early morning hours, when the transmitted load 
is low, (as shown in Fig. 7), thus making operation at 
high loads feasible in the daytime. In regions where 
lightning is responsible for most of the flashovers and 
the plant has storage capacity, the load may be reduced 
upon the approach of a storm to minimize possibility 
of an outage. : 

CONCLUSIONS 


1. There are various standards of service which may 
be considered. Perfect continuity is not economically 
feasible; the next best thing is to so reduce the effects of 
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short circuits as to allow only momentary disturbances 
thus causing but slight inconvenience to the consumer. 
2. It has been brought out that one of the main 


factors in reducing disturbance and preventing loss of 


synchronism between the generating and receiving ends 
of a transmission system is the rapidity with which 
relays and switches can be made to isolate any trouble. 
It appears very probable that by a material reduction in 
the time now taken, troubles could be successfully 
cleared when transmitting much greater amounts of 
power than at present, and this same high standard of 
service could be maintained. Looking at this from 
another viewpoint, systems that might be furnishing 
but mediocre service would have that service vastly 
improved in quality by such change in switch opera- 
tion, provided the transmitted load were not changed. 
On the other hand, unless it is possible to get extremely 
fast switch operation, less shock is produced when one 
end of a faulty section is cleared a short time after the 
other. 

3. Quick response of generator field excitation to 
regulation aids in maintaining synchronism by prevent- 
ing, so far as possible, a drop in generator field flux. 
The drop in generator terminal voltage will then be 
determined by the generator leakage reactance, being 
less with low values of reactance. Similarly, low 
transformer leakage reactance is beneficial. 

4. It also appears that a device to decrease the 
output from the Big Creek generators immediately 
upon the occurrence of a short circuit will decrease the 
tendency to get out of step by reducing the transmitted 
load. Such a device might take the form of a relay 
operating upon the waterwheel governors. The greater 
part of the load so dropped would be picked up by 
generators at the receiving end, so that the net effect 
upon the system frequency would be inconsiderable. 

5. One of the most important points brought out by 
the tests was the relation between the severity of the 
disturbance and the amount of ground current upon 
short circuit; this demonstrates the value of adopting 
means to limit short circuit currents. The higher the 
voltage of the system, the more pronounced is this 
effect. 

6. The amount of power that can be transmitted 
consistently over any given line depends upon several 
factors including the standard of service required, 
the exposure and susceptibility to outside disturbance, 
and the probability of these disturbances occurring at 
a time when maximum loads are being carried. This — 
is well illustrated on the Southern California Edison 
Company’s system where, due to the nature of the chief 
cause of short circuits, they have occurred at off-peak 
periods resulting in a minimum of outages. 

It may be suggested that under different conditions 
where causes of short circuits, such as lightning, might 
occur at any time, it would probably be advisable to 
take further precautions against outage unless condi- 
tions permit of a slightly lower standard of service. 
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7. All the records showed that synchronous conden- 
sers at the receiving end stayed in step with each other 
and their bus voltage; also all Big Creek generators 
would stay in step together so long as the generating 
and receiving ends of the line stayed in step. 

8. Practically all short circuits have been single 


phase to ground and calculations for relay design and. 


power limit should concentrate on this condition. 

9. Short circuits on either 220-kv. or lower tension 
lines, close to terminal substations, will cause approxi- 
mately equal disturbances to the 220-kv. system. 

10. When a single-phase flashover occurs, there is 
an increase in total system load due to the power con- 
sumed in the fault. This additional load causes a 
transient redistribution of power between the dif- 
ferent synchronous machines, which is largely deter- 
mined by their kinetic energy and the electrical net- 
work, causing them to shift in phase position and thus 
— get up power oscillations or surges. The magnitude of 
these surges depends upon a number of factors, such as 
the location and resistance of fault, transmitted load, 
ete. The ability of the system to absorb these oscilla- 
tions without loss of synehronism depends upon the 
electrical rigidity with which the various machines are 
tied together, permitting a sufficiently high synchroniz- 
ing power to be developed. The amplitude of these 
power surges will be reduced by anything that decreases 
the power consumed by the short circuit. Synchroniz- 
ing power will be increased by decreasing the reactance 
of generators and transformers and by reducing the 
amount of line cut out to isolate the trouble. 


Discussion 

Svend Barfoed: The records obtained on this system show 
that disturbanees originate on the transmission line, and that 
there are only two unknown causes of flashovers in the entire 
period. This is a fine performance of watehfulness. 

The design of transmission lines is still undergoing evolution, 
and better performing lines as regards flashovers can certainly 
be expected. It would pay to give reconsideration to the 
structural design and construction of transmission lines, giving 
regard simultaneously to mechanical and electrical features. 

These latter should not be viewed separately by different 
departments of an organization. By reconsideration of the whole 
problem, the cost of construction may be greatly reduced and 
improved electrical characteristics obtained. This is mentioned, 
because it would not be justified to assume transmission line 
design and construction as standardized. It is certainly not 
possible to have perfect continuity of service, but it should be 
possible to approach that condition at no increased cost of design 
and construction. 

With regard to synchronous machines it will be advisable to 
proceed with caution to reduce the reactance to secure increased 
power transmission limit. It is suggested that the degree of 
stability of machines between themselves for use in the same 
station be investigated on the test floor without line or 
transformers. 

There also may be investigated how a machine with vanishing 
reactance behaves on short circuits. 

Roy Wilkins: This paper gives for the first time definite 
operating data on a specific 220-kv. line. 

The operating problems on the two 220-kv. lines in California 
are much the same. The method of attack has been somewhat 


different, however, due primarily to different initial system 
set-ups. 

The Pacific Gas & Electric ‘Company lines, (202 mi. long), 
are 60-cycle, with somewhat more insulation than those dis- 
cussed in the paper for the above reasons (4. e., original set-up). 

On the Pacifie Gas & Eleetrie Company system there has been 
an average of four flashovers per 100 mi. of circuit per year. 
Of these, the greater portion, where the trouble can be definitely 
located, are caused by lightning and birds. 

The usual flashover is relayed out and the line is put back in 
service as soon as the switching can be done. Some 30 or 40 
per cent of the troubles can never be located. 

In those comparatively rare cases of mechanical failure the 
line remains out until repaired. In all ordinary flashovers"no 
repairs are needed. During the past two years two cases have 
occurred when both lines were out at once. In one of these one 
line went out due to trouble by lightning, and while it was being 
cut in, the second relayed out from the same cause. Both were 
switched in immediately and remained. - 

In the second ease both relayed simultaneously and were 
switched in without further disturbance. The Pacific Gas & 
Electric: Company lines are comparatively lightly loaded,—from 
120,000 to 150,000 kw. for both lines. Their performance lies, 
therefore, below that part of the curve marked C on Fig. 7 of the 
paper, and a minimum of trouble due to instability is to be 
expected. We have, however, enough of operating data to give 
a very definite idea as to the relay and switching requirements: 

1. It has been demonstrated that a section of line in trouble 
should best be cleared in the shortest possible time. 

2. It is desirable to protect each line independently so that 
it has normal protection under all conditions. 

3. Protection from phase to ground is by far the most essen- 
tial, and should be set as low and as fast as possible. 

4. All 220-kv. systems now in service are grounded Y-con- 
nected on the high-voltage lines so that ground protection can 
be satisfactorily accomplished only on the high-voltage side. 

5. Low ground resistance (such as is caused by multiple 
grounds from ground wires grounded at every tower) will cause 
much greater current and therefore greater disturbance than 
relatively high ground resistance. 

6. There is room for a vast improvement in circuit-breaker 
operating time, since in those relay systems where satisfactory 
ground relaying is secured, the greater portion of the total time 
is used in the oil circuit breakers, leaving very little for any 
differential in the relays. 

The particular ground relay scheme used on the Pacific Gas & 
Electric Company lines has been in use on the lower voltages for 
about seven years with entire satisfaction; in fact, it is the only 
line protection which has been tried that was satisfactory. 

Most of the above points have been checked independently 
against the data given in the paper, and they are wholly in 


‘accord with the conclusions there given. "These conclusions are 


very worth while studying by any one at all interested in 220-kv. 
transmission, for on their proper use depends the success or failure 
of 220-kv. transmission. 

F. R. George: I might add our experience in connection 
with 220-kv. lines operated by the Pacific Gas & Electric Com- 
pany. Mr. Wood mentions 65 interruptions in 18 months. 
Covering that same period of time in the operation of Pacific 
Gas & Electric Company lines there was a total of 18 interrup- 
tions. In the entire period of time during which the 220-kv. sys- 
tem has been operating, Mr. Wood mentions 96 interruptions 
and we found less than 40 interruptions. These figures give an 
idea of the reliability of systems operated at high voltages. 

As stated previously, it must be borne in mind that the system 
of the Pacific Gas & Electric Company is not fully loaded and 
the question of stability does not enter into the problem as 
actively as it does in the case of the Southern California Edison 
Company. 


M Ws re )"" ee re. 
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Harold Michener: The really assuring and hopeful aspect of 
the paper is that the authors seem to have discovered some of 
the reasons for the satisfactory operation of the system under 
the increasing demands that have been placed upon it and some 
of the things that can be done to make the operation still more 
successful under still heavier load conditions. Most of the 
improvements suggested can be applied either to additions to 
the system as they are made or to existing parts of the system,— 
the latter involving the greater expense. 


Probably the most important improvement, the very much 
quicker isolation of the section of line in trouble, does not seem 
to be immediately available. Concentrated effort should be 
directed toward the shortening of relay and switch operation. 


The findings and the thoughts expressed on the effect of high 
resistance in the fault-to-ground circuit are particularly interest- 
ing. It was not long ago that we were giving serious considera- 
tion to the best way to get a low-resistance ground connection 
at the foot of the towers, in order to meet the conditions of 
maximum overhead ground-wire protection, and to make the 
potential gradient from the tower members to the surrounding 
ground as low as possible. 

Now we learn that the natural high resistance from tower to 
ground has been a saving feature in our transmission-line opera- 
tion. This is fortunate, for in general in our territory it is 
easier to get a high-resistance connection between tower and 
ground, but, of course, precautions must be taken to avoid 
unreasonably high potential gradients at these points, although 
no group of men has agreed on a definition for ‘‘reasonableness”’ 
in this connection. 

By several compromises a condition of most satisfactory 
operation may be obtained. These compromises will be between 
high resistance and low potential gradient at the tower footings, 
between high resistance in the ground connections at transformer 
neutrals and low voltage to ground from the transformer wind- 
ings, and between high-resistance and low-resistance overhead 
ground wires. 

We are in a fair way to get further information upon the effect 
of a low-resistance fault-to-ground circuit, although, of course, 
we hope the faults will not occur. 

The 220-kv. lines are being extended from Laguna Bell sub- 
station to Lighthipe substation, a distance of 614 mi., and from 
there to the Long Beach steam plant, a distance of 10 mi. Under 
the present plan the neutrals of all the transformer banks at 
these stations will be grounded without appreciable resistance 
and the ground connections at the tower footings will be of low 


resistance, special care having been taken to have a 4/0 copper 


cable attached the full length of one of the piles in each footing 
where piles were used and to have two standard copperweld 
ground rods driven in the bottom of the hole for each grillage 
footing. The soil conditions throughout are such that low- 
resistance ground connections should be expected. This means 
of getting low-resistance connections between tower footings and 
ground was installed because the lines are in a highly developed 
territory, and it was felt that the potential gradients between 
tower footings and ground, in case of an arc to the tower, should 
be kept to a minimum. 

One 15-in. steel ground wire will be installed on each of the two 
single-circuit lines from Laguna Bell to Lighthipe, and one 4/0 
copper ground wire will be installed on the double-circuit line 
from Lighthipe to Long Beach. 

The work on power-system stability being done jointly by the 
manufacturers and the power companies is yielding very benefi- 
cial results and should be continued. In this way the whole 
industry learns to talk the same language. 

P. B. Garretts When we first installed the test equipments 
we used a type “MC” quick-acting relay for initiating purposes. 
As noted in the paper, this relay was energized from & current 
transformer in the grounded neutral connection. We did not 
expect that this relay would be caused to operate on switching 
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operations. We did find, however, that our equipment was pick- 
ing up on switch operations, due to the ground current incident 
to non-simultaneous operation of the three legs of the circuit 
breakers, which results in a momentary unbalanced condition. 
To overcome these undesirable operations, we resorted to the 
type "CO" low-energy overload relay, set for a very short time 
delay, for initiation purposes. The time lag was not particularly 
harmful, because even with this time delay, the film is usually 
well under way and the record started before the important 


power swings occur. 


One point came up in connection with the installation of the 
oscillograph equipment at Vestal Substation. Due to the fact 
that the cold resistance of the lamp filament is but one-fifteenth 
its hot resistance, the lamp takes a large rush of current when 
first energized. The lamp transformer which was supplied as a 
part of the oscillograph, did not have sufficient capacity to hold 
up the potential at the start, and the drop in applied voltage 
greatly increased the comparative time taken to bring the lamp 
to full brilliancy. By means of a special transformer of ample 
capacity the time lag was greatly decreased. Previously, the 
motor would move the film a considerable distance before the 
record was started. 

One point might be of interest in connection with the compila- 
tion of records pertaining to flashovers. We found it necessary or 
very desirable to make a special form for each of the stations, 
this form to be filled in by the operator at the time of the dis- 
turbance; thus we are certain of obtaining complete data relative 
to the operating conditions at that station at the time of the 
system trouble. We also made a special form for use in the 
main office for filling in general system data, such as the system 
set-up, total connected kv-a., and the like. 


E. R. Stauffacher: I should like to call attention to Fig. 1 
showing the system connections on the 220-kv. system. Be- 
tween Big Creek No. 3 and Vestal, 45 mi. north of Vestal, there 
is a new station known as Rector which is now in operation, and 
which is tapped across the two lines. 


There will also be another line from Gould to Magunden and 
Magunden to Big Creek No. 3, known as the Vincent line and 
two lines from Laguna Bell, to a new substation known as 
Lighthipe and from Lighthipe to the Long Beach Steam-Plant 
No. 3. 

The application of relay protective devices to this changed 
220-kv. system, owing to the taps and combination of parallels 
and taps, has been quite a problem, and it is my hope some day 
it will be more of a clear-cut proposition, so there will be no need 
of as many as six or seven switches operating to clear a short 
circuit. 

In Table IT, ‘‘Causes of Flashover,” information is compiled 


which should be of considerable interest to anyone who is con- 


templating a 220-kv. system, if conditions are anywhere near 
comparable. With only one or two exceptions the troubles have 
resulted in line-to-ground faults. 

One thing I should like to mention particularly is the speed 
with which the troubles are located by the transmission depart- 
ment. Very rarely does it require over half a day to locate the 
trouble and diagnose the cause. This is certainly helpful when 
analyzing the operations of the protective relays and the flow 
of ground current at the time of the flashover. 

In Table III under the heading ‘‘Total Ground Amperes," 
a tabulation is made, which might be interesting not only to 
other central-station engineers, but also to telephone engineers. 
I know they are quite concerned with the amount of ground 
current which oceurs at the time of flashover. Probably by 
analyzing these current values, knowing what the trouble was 
and its location, the amperes in the ground may not prove to be 
as destructive as might at first be supposed. However, the con- 
ditions regarding parallels and length of exposure of course deter- 
mine how much damage might result. 

In addition to trouble on the 220-kv. line, the troubles on the 
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66-kv. line, are also of considerable concern, particularly near 
the major receiving stations. Due to the necessity of time- 
cascading with relays, the longest time on the relay settings is 
at the location where the heaviest 66-kv. short circuits will occur, 
and in the interest of system stability it is necessary to cut down 
the time as much as possible, even at the expense of selectivity 
as to relay operations in some cases. 

Regarding the stability of a system it seems to me that there 
are four outstanding requirements for maintaining stability at 
the time of a severe short circuit. 

First: High speed of relay operation. 

Second: High speed of switch operation—and by high speed, 
I am not talking in fractions of a second but mean one or two 
cycles. This is not possible now but I hope it will be a reality 
in a few years. 

Third: Design of the generators—particularly as regards its 
short-circuit-ratio characteristics. 

Fourth: The application of quick-response excitation to the 
generating equipment. 

F. M. Gillespie: (communicated after adjournment) It is 
interesting to note the high values of kilowatts (energy) consumed 
by phase-to-ground faults on the 220-kv. system. The writer 
has been severely criticized at times for even hinting that line 
faults could be of sufficiently high power factor to consume any 
appreciable amount of energy; he has heard arguments tending to 
prove that load is always lost as soon as short circuits occur and 
has been told that operators and recording instruments must be 
in error for indication of speed drop instead of speed rise at times 
of line trouble. 


The particular system to which I will refer carries a hydroplant 
peak of about 160,000 kw., has in service close to 1400 kilo- 
meters of 80-kv. and 110-kv. circuit and over 2000 kilometers of 
22-kv. and 25-kv. overhead distribution circuits. In the early 
days of our operation we experienced considerable trouble with 
hunting of the generators when high-voltage trouble occurred; 
after restricting the rate of opening of turbine-gate-operating 
servomotors conditions were so stabilized that it is only on very 
rare occasions that there is any visible tendency for machines to 
pull out of step. 

In our ease the retarding of gate-opening time was accom- 
plished by insertion of suitable diaphragms in pressure-oil pipes 
supplying the opening end of the servomotors. At least one 
American turbine builder accomplishes the same result (prevents 
opening of turbine gates on momentary overloads) by means of 
an adjustable collar on the spindle of the governor head. Our 
first adjustment was to increase the gate-opening time for full 
travel to 20 sec., and after further growth of the system this was 
altered to 30 sec. It is found that normal load fluctuations do not 
cause objectionable speed variations (we carry a certain amount 
of suburban railway load), and the rise in speed accruing to loss 
of load caused by voltage dip during period of faults is consider- 
ably less than it was when the governors were adjusted to open 
the gates in 3 to 6 sec. for the full stroke of the servomotors. . 

Phase-to-phase short circuits on high-voltage lines are, in 
proportion to the number of phase-to-ground faults, of very rare 
occurrence, but sufficient of these have taken place to prove that 
they can also consume sufficient energy to cause frequency drop, 
especially if some distance away from generating stations. On 
our 25-kv. network faults, irrespective of whether phase-to- 
ground or phase-to-phase, cause increase of load at generating 
stations. In fact our miniature system for calculating relay 
settings has had to be so arranged that impedances are shown 
instead of simply reactances, to allow sufficient accuracy. This 
should be sufficient to indicate that there is enough resistance in 
high-voltage networks to represent considerable energy con- 
sumption under short-circuit conditions. 

The experience with the 220-kv. system as described, and 
experience on other systems of lesser voltages leads one to ques- 
tion the desirability of graded insulation on high-voltage windings 
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of transformers with the attendant solid grounding of one end 
of each leg to the tank, as this eliminates the possibility of insert- 
ing grounding resistance between transformer star points and 
earth. There seems to be no doubt that on large systems a cer- 
tain amount of neutral resistance is often desirable and offers a 
more reliable means of controlling the dimensions of short-circuit 
current and energy consumption than variation of the number of 
transformer neutrals connected to ground. The use of a fairly 
high value of grounding resistance would seem to allow securing a 
more constant value of ground-fault current than the use of a 
high-resistance ground wire as with the latter the variation in 
value of resistance of return circuit according to the location of 
the fault may cause the fault current to vary over a very wide 
range. 

I should like to inquire if the authors of the paper can trace 
any cases of hunting or loss of synchronism to different systems 
of excitation. That is, is there any special tendency for stations 
with individual direct-connected exciters to pull apart from 
stations with central excitation such as a water-wheel driven 
exciter set or motor-generator exciters fed by a house generator, 
the exciter speed and voltage in these cases being independent 
of the main generator speed. 

R. J. C. Wood and L. F. Hunt: Mr. Barfoed mentions an 
investigation: of the relative stability of machines in the same 
station. We did not find there was any trouble on that account. 
He seemed to think there might be some difficulties due to 
reducing the reactance. 

I cannot see that that would cause the machines to fall out 
of step among themselves, but would rather tend to keep them 
together. 


The showing of the Pacific Gas & Electric Company’s 220-kv. 
system is extremely encouraging to any one who contemplates 
building a 220-kv. line. 

Mr. Miehener's remarks regarding the eompromise which 
has to be made between (a), low-resistanee grounds with & view 
to decreasing the potential gradient in the ground around a 
tower footing when a flashover occurs and (b), the apparent 
desirability of having a high resistance there for stability pur- 
poses, is just one more illustration that you cannot get everything 
out of the “Standard Handbook." 


It is not quite elear whether Mr. F. R. George in his diseussion 
refers to interruptions where load is lost, or to flashovers irre- 
speetive of whether load is lost or not. 


The 65 interruptions referred to by him were 65 flashovers 


during 18 months; of these only 11 caused interruption to service. 


Of the 96 flahovers experienced during the whole time of opera- 
tion, 30 actually caused interruptions; 20 of these 30 occurred 
when relays were out of serviee on aecount of eonstruetion and 
repair work. Judging from Fig. 8 as to what would have 
happened had the relays been in service and taking into account 
the load being transmitted at the time, proper relay operation 
would have resulted 14 times, so that the net result would have 
been 16 interruptions over a period of 40 months. 

It is entirely probable that the 40 cases of trouble occurring 
on the Pacific Gas and Electric Company's line were flashovers 
and not all caused interruptions. It was felt only fair to em- 
phasize the distinction between flashover and interruption as 
otherwise a wrong impression of the reliability of 220-kv. sys- 
tems might be obtained. 

We have no definite information upon the question raised 
by Mr. F. M. Gillespie and cannot state whether direct-con- 
nected exciter systems tend toward lessened synchronizing 
power to any practical extent. 

S. B. Griscom: It is very reassuring to note from the 
discussions of Messrs. Wilkins and Gillespie that their indepen- 
dent experiences on other systems have lead to conclusions sub- 
stantially in accord with those expressed in the paper. Mr. 
Gillespie’s reference to the power factor of short circuits is 


Sept. 1927 


particularly interesting in this regard. Despite visual evidence 
of frequency drop during short circuits it has apparently been 
difficult for him to establish the fact that short circuits, including 
those from phase to phase on low-tension lines may cause 
considerable momentary overloads. It is for the purpose of 


. obtaining data for firmly establishing general working principles 


on a given system that the application of high-speed automatic 
recording apparatus to power systems has been advocated. 

Mr. Michener’s comments on fault-to-ground resistances 
show the number of considerations involved in determining upon 
the method of grounding to be employed at stations and towers 
for the Southern California Edison Company. The considera- 
tions are worthy of study before fixing standards of grounding 
procedure, since as he points out, different parts of the system 
may be operated under different conditions. 

Mr. Stauffacher’s point in regard to simplification of 220-kv. 
line connections is very well taken. The true measure of trans- 
mission-line cost is the cost per mile per kilowatt of permissible 
load transmitted. Arrangements which do not permit satis- 
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factory line relaying or switching must necessarily reduce the 
permissible load that can be handled by the circuits thus in- 
creasing the cost. For this reason, a connection scheme which 
involves more apparatus or lines, while costing more in actual 
dollars, may actually cost less per kilowatt of permissible load. 

Mr. ‘Stauffacher has mentioned the application of generators 
of high short-circuit ratio. The stability characteristics of 
generators and condensers during transients is largely deter- 
mined by the leakage or transient reactance of the machine, 
provided the field flux is maintained substantially constant. 
This may be accomplished by suitable combinations of machine 
short-circuit ratio and excitation-system response. 

With reference to Mr. Gillespie’s question on different systems 
or excitation, there have been no cases within the authors’ 
knowledge where stations with direct-connected exciters have 
pulled apart from stations excited from sources independent 
of the main generators. In general this would not be expected 
since a regulator is capable of changing the exciter field flux 
at a faster rate than the speed is changing. 


Equipment for 220-Kv. Systems 


BY J. P. JOLLYMAN: 


Member, A. I. E. E. 


Synopsis.—This paper discusses the characteristics of equipment 
which have been found most suitable for use on 220-kv. systems or 
on extensive lower voltage systems. Consideration is given to 
general system design, governors of prime movers, generators, 
excitation systems, transformers, high-voltage oil circuit 


XPERIENCE gained from the operation of a pioneer 
project confirms the wisdom of the original choice 
of equipment or shows where improvements can 

be made. This paper will discuss briefly the character- 
istics of equipment found most suitable for a 220-kv. 
system in the light of four years of operation. While 
the statements apply particularly to 220-kv. 60-cycle 
systems with long lines, they also apply to lower voltage 
systems if due allowance is made for the differences in 
magnitude. 

The 220-kv. transmission. systems are required 
for three principal purposes: (1) for long distances 
and considerable power; (2) for short distances with 
large amounts of power; and (8) as a part of an 
ultimate network. The requirements of equipment for 


the three types of systems are essentially the same. 


The systems having long transmission lines are the 
most difficult to operate on account of the very large 
charging kv-as. that must be supplied. The system 
with large power but with short transmission is less 
difficult to operate but imposes very severe duty on the 
oil circuit breakers. 


GENERAL SYSTEM DESIGN 


When planning a transmission system for 220-kv. 
operation, the entire system with its connected equip- 
ment must be considered as a whole or as a part of the 
whole of the ultimate system. The sections of trans- 
mission circuits which must be handled as a unit have 
to be determined, since the kv-a. required to bring these 
sections of transmission to normal voltage decides 
the size of generating units and of synchronous con- 
denser units. 

Experience has very definitely established the neces- 
sity for operating 220-kv. transmissions as well as 
lower-voltage transmissions containing a considerable 
amount of transmission mileage with the transformer 
neutrals solidly grounded not only at the generating 
stations but also at all substations. All transformer 
banks should be equipped with delta-connected wind- 
ings for the purpose of stabilizing the relation between 
the separate phases as well as improving relay opera- 
tion. In the case of transformers at generating sta- 
tions, the delta winding becomes the low-voltage 


winding of the transformer bank. In the case of -/ 
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breakers, transmission line, and the equipment of substations. 
The result of four years’ operation of a 220-kv. system have proven | 
at to be as reliable as a 110-kv. system. The economies of 220-kv. 


transmission have been realized. 
& * * * * 


transformers at substations, the delta windings can 
frequently be used to supply the necessary synchronous 
condensers. 

Due consideration must be given to the supply of 
charging current, and this supply must take into 
account the fact that the generators, when carrying load, 
must operate at a high power factor if stability is to 
be maintained. These requirements will generally 
make it necessary to operate a high-voltage transmission 
with a drop in voltage in the direction of the flow of 
power. The effect of this operation will be to necessi- 
tate supply of charging current from the receiving end 
of the line, leaving the generators free to operate at a 
high power factor. 

Under heavy loads, it is possible to supply sufficient 
boost at the receiving end of the transmission section 
to bring its voltage to an equality with the sending end 
of the same section without causing a leading current 
in the generators at the sending end. In very extensive 
networks where the flow of power may be reversed, 
operation at the same voltage at all points may become 
necessary. 

Should this be essential, definite provision for a supply 
of charging current at some of the generating stations 
will have to be made. 


Some flashovers of line insulators seem inevitable. 
Interference from external sources cannot always be 
avoided, nor has any insulation yet been found which 
will withstand the effects of all kinds of lightning. 
When a failure does occur, the section of line involved 
in the failure must be disconnected from the system 
with the least possible delay. While the arc resulting 
from a flashover may be extinguished by dropping the 
system voltage, this operation will nearly always result 
in the loss of synchronism between the generating 
stations and the load. It therefore seems better to 
cut out the section of line on which trouble has occurred. 


Experience shows that this can be done in the 
majority of cases without loss of load, provided the 
sections of line remaining in service have sufficient 
capacity to carry the total load. To disconnect a 
section of line on which trouble has occurred requires 
the use of automatic relays. Excellent satisfaction has 
been experienced with the use of directional overload and 
directional residual relays. It is possible to connect 
the directional residual relays to the system in such a 


. manner as to secure inverse time operation. With 


Sept. 1927 


such a system of connections, it has been found possible 
to relay out one of two parallel lines even though the 
trouble was within one per cent of the total distancefrom 
one end of the section. To attain this result from the 
balanced system of relays is extremely difficult, if not 
impossible. 

GENERATING STATIONS 

The prime movers of generators employed on high- 
voltage systems will usually be steam turbines or water- 
wheels of the reaction or impulse type. The only 
special requirement of prime movers for such systems is 
that their governors should hold the speed very close to 
normal without hunting at no-load. This requirement 
must be met if quick operating is to be attained. 

In the case of certain types of hydroelectric plants 
where pulsations in penstock pressures tend to cause the 
waterwheels to hunt when running at no-load, this is not 
an easy requirement to meet. The use of a load limit- 
ing device on the governors which will permit a con- 
venient adjustment of the output of the prime movers 
has been found very useful. Especially in hydroelec- 
tric plants it is frequently desirable to limit the output 
of many of the units and permit only a few units to 
govern. The load limit device permits of such opora: 
tion in the most advantageous manner. 

The generating units may be called upon to build up 
the voltage on transmission line sections for the purpose 
of tests or for the purpose of bringing up a section to 
put it in service. In either event the generator must 
be first connected to the line with little or no field 
current. The fact that no terminal voltage, or a very 
low terminal voltage, would exist on the generator prior 
to the time the line is brought to full voltage prohibits 
the use of electric drive governors. The later types of 
mechanical drive for governors have proved so satis- 
factory that there seems little reason to desire the 
electric form of drive. 

From the standpoint of the function which they must 
serve in connection with the operation of this system, 
generating units connected to high-voltage systems fall 
into two classes: (1) Tho seunits which must be of suffi- 
cient capacity to handle designated sections of the trans- 
mission lines (such units will generally be of fairly large 
size); and (2) smaller units having insufficient capacity 
to handle any part of the high-voltage system whose 
function is merely to feed in a certain amount of power 
but which must be cleared from the system in case of 
trouble or in case of line test. 

The larger or control units should have fairly high 
short circuit ratios so that they may have good stability 
during system disturbances and be able to carry charg- 
ing kv-a. at least equal to rated capacity without 
exceeding rated terminal voltage. Such genera- 
tors should also stand occasional overvoltages of the 
order of 50 per cent since switching operations may 
occur at any time which will result in high over-voltage. 

A smaller generator should have a sufficiently high 
short-circuit ratio for stable operation and should have 
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the ability to operate with considerable overvoltage at 
least for brief periods. 


EXCITATION SYSTEMS 


Excitation systems for generators supplying high- 
voltage lines must be automatic as to their voltage 
eontrol and must operate with the highest practicable 
speed, especially in à case where direct-connected 
exciters are used. If this is not done, the generator 
voltage will vary far too much with the changes in 
power factor resultant from the changes that occur, 
especially in ease of line trouble. 'The automatic 
voltage regulators should be direct-connected to the 
generators and not to the station bus. "The generators 
are thus protected from protracted overvoltage in the 
event of their being tripped off the bus. 

The use of direct-connected exciters, which is desir- 
able from nearly every standpoint, presents an additional 
problem because of their being affected by generator 
speed. Hence, on such an increase of generator speed as 
will be occasioned by sudden loss of load, the terminal volt- 
age of the generator tends to increase with the square of 
the increase of speed. To avoid this compounding effect, 
the automatic control of the excitation system must 
have a very quick response. 

Sudden loss of full load, with large hydroelectric units 
driven by reaction turbines, results in a speed increase 
of the order of 30 per cent. In the case of impulse 
wheels, this speed increase can be reduced somewhat 
provided governor action in less than two sec. is per- 
missible. With excitation systems having fairly high 
speed response, it has been found possible to hold the 
generator terminal voltage to a rise which is not greater 
than the per cent rise in speed. 

In order that each main generating unit may be as 
independent as possible, the use of direct-connected 
exciters, with a voltage regulator for each unit, has 
been found very satisfactory. 


TRANSFORMERS 


Modern high-voltage transformers have given very 
good service in high-voltage systems. The reactance 
of these transformers should be kept as low as can be 
reasonably obtained. If this is not done, the trans- 
formers will contribute to bad voltage regulation of the 
system especially when lines are being tested or sections 
of lines placed in service. | 

The short-cireuit current through transformers con- 
nected to long distance hydroelectric systems tends to 
be limited by the generating capacity or the line imped- 
ance rather than bytransformerimpedance.  Itdoesnot 
seem necessary to introduce any additional reactance in 
the transformers for such systems to protect them from 
damage from short circuits. 

In the case of transformers fed from large cim 
turbine generating units, great care must be exercised 
to provide for their safety under a short circuit on 
account of the higher momentary short-circuit currents 
of steam turbine units as compared with water-wheel 
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units. Like the generators, the transformers must stand 
considerable overvoltage. However, as transformers de- 
signed for an induced potential test of 2.73 times 
normal voltage have given perfect results on solidly 
grounded neutral systems, it does not appear neces- 
sary that for such systems they should be designed 
to stand a higher test voltage. 

For generating station transformers with low voltages 
of 11 kv. or 13 kv., the core-type transformer has 
much to commend it from the standpoint of the simple 
form of major insulation. For auto-transformers or for 
transformers having high low-tension voltages the shell 
. type of design permits of a better control of the charac- 
teristics of the transformers. 


HIGH-VOLTAGE OIL CIRCUIT BREAKERS 


To lessen the effects of short circuit or grounds on 
high-voltage system and to reduce the amount of 
energy which must be dissipated within a high-voltage 
oil circuit breaker, such circuit breakers should operate 
with very high speed. The total time of operation for 
an opening stroke should be well under one-half second. 
Any longer time than this may result in serious effects 
in the transmission network. 

Admittedly, this requirement is a difficult one to 
meet. However, it is agreed that the problem of 
attaining still higher operating speeds in large circuit 
breakers is one of the most important confronting the 
transmission industry. In times of peace, some of the 
mechanical skill which has been applied to the design 
of instruments of warfare could very profitably be 
devoted to the refinement of the mechanical design of 
oil circuit breakers. 

An incidental requirement for the satisfactory opera- 
tion of an oil circuit breaker is that it must be mechani- 
cally trip free. This trip-free function must be so 
arranged that a minimum time is consumed between the 
instant that a short circuit is encountered and the 
instant that the circuit breaker will be opened. 

With the establishment of 220-kv. systems with 
considerable lengths of line, leading currents of some 
magnitude are made available and it has been found 
that the rupture of such currents creates lengths of 
arcs within oil circuit breakers very much greater per 
ampere of leading current than per ampere of short- 
circuit current of a lagging power factor. In fact, the 
length of arc drawn within oil circuit breakers is of the 
same order of magnitude for the charging current of 
a 200-mi. section of 220-kv. line as for a short circuit 
close to the oil circuit breaker. 


TRANSMISSION LINE 


The transmission line as a mechanical structure has 
given excellent service. Reasonable factors of safety 
were employed on the structures, the design of which is 
subjected to test to destruction. Low stringing ten- 
sions were employed for the conductors, primarily for 
economy in cost of the towers. No trouble has been 
encountered from conductor vibration. It is felt that 
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the low stringing tensions contribute to this desirable 
result. 

No difficulty or evidence of undue depreciation has 
been encountered in the insulators used. The mechani- 
eal loads imposed on the insulators are rather moderate. 
With a material of the character of porcelain, it seems 
wise to proceed with caution in regard to the loading 
imposed. While high strengths have been developed 
for test load conditions in comparatively small porce- 
Jain suspension insulators, it is felt that the best way to 
employ this strength is to increase the factor of safety 
rather than to increase the initial load on such units. 

In the ease of the system with which the writer is 
familiar, accumulated evidence appears to point very 
directly toward the benefits to be derived from the use 
of an amount of line insulation which gives high flash- 
over values. In the case of 110-kv. lines it is definitely 
known that even a comparatively small increase in the 
length of insulator strings secures a marked reduction 
in the number of the cases of flashovers experienced. 
There seems no reason to doubt that the same will be 
true in higher-voltage systems. This statement is 
made for a territory where lightning is a comparatively 
minor factor. In territory where lightning is a fre- 
quent source of trouble, caution should be used to see 
that the flashover value of the line insulation is not so 
high as to cause failures in the insulation of switches 
of transformers. However, if there is any question of 
the ability of the apparatus to stand the flashover volt- 
ages developed by the line insulation, it would be better 
to increase the breakdown values of the apparatus 
insulation rather than to decrease the flashover values 
of the line insulation. 

One of the most trying problems, and one concerning 
which there is no certain solution in sight, isthe question 
of maintaining sufficient insulation in sections where 
conditions permit of excessive surface leakage of line 
insulators. This problem is particularly acute in 
California in districts close to the ocean where the 
combination of the westerly trade winds and the ocean 
fogs results in a rapid accumulation of dirt on the 
insulator surfaces which are frequently wet by the 
fogs. The only method thus far discovered for securing 
high continuity of service in these sections is by artificial 
cleaning of the insulators during the months in which 
rain does not fall. 

Some device for suppressing corona discharge of the 
conductor and wire clamps at the insulators appears 
highly desirable, since such a device tends to offset the 
distortion of electrostatic field at the points of support. 
It is not so certain that devices are required to improve 
the grading of the voltage impressed on the several 
units of long suspension strings. Apparently, as good 
results have been obtained in operation with devices for 
suppressing corona that have little or no grading effect 
as have been obtained with devices for suppressing 
corona that are arranged for considerable grading effect. 

An insulator string is most likely to fail when wet by 


ys tar IS 6 b pe 


7 


=r Pee Y. tv rey roger 


Sept. 1927 


a fog. At this time the distribution of voltage is 
undoubtedly determined by leakage currents rather 
than by the condenser effect of the unit. Obviously, 
grading devices are ineffective at the very time an 
insulator string is most likely to fail. 

It is believed that the conductors of high-voltage 
circuits should be transposed so that the electrical 
characteristics of each phase wire may be as nearly like 
the characteristics of the other phase wires as possible. 
Additional reasons for transposing each circuit occur 
where two parallel circuits are used. In this case, 
transpositions should be so arranged that one circuit is 
transposed with respect to the other. In this way, 
inductive effects of trouble on one circuit upon the 
other circult are minimized. 

The use of double-circuit towers appears to be per- 
fnissible where no sleet is encountered. This construc- 
tion is a very distinct economy compared with the use 
of two separate single-circuit lines. 


SUBSTATIONS 


The requirements of equipment for substations are 
similar to those of generating stations in practically all 
respects. The main transformers may be auto-trans- 
formers if the ratio of voltage transformation is not more 
than 2:1. In such transformers, delta-connected wind- 
ings should be employed and may be used for synchro- 
nous operation if desired. 

Synchronous condensers must work over the com- 
plete range from full boost to as much buck as they 
are designed to supply. Some economy of cost can be 
had if the bucking capacity of the synchronous con- 
densers is not more than 60 per cent of their boosting 
capacity. 

Where very long sections of transmission line must be 
handled, it will be found necessary to employ a syn- 
chronous condenser in addition to a large generator in 
order to supply the charging kv-a. for bringing the 
circuit up to full voltage. ‘For this operation, the con- 
denser may be attached to the circuit with little or no 
field excitation and the generator may be used to secure 
the desired voltage. 

In certain substations, control being a number of out- 
going circuits which it would be desirable to test by 
building up rather than by cutting into the bus, the use 
of a driving motor on a synchronous condenser, per- 
mitting the operation of the condenser as a generating 
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unit, will be found very convenient. At first thought 
it seems best to make these driving motors of the in- 
duction type. However, it is believed that a syn- 
chronous drive motor will serve the purpose equally 
well and will have the advantage of operating with a 
greaterair-gap. The synchronous driving motor should 
have the same speed as the synchronous condenser. 
The unit should be started in the usual way, using the 
main condenser. 

When the main condenser has reached synchronism, 
the driving motor ean be cut in to carry the unit while | 
the main condenser is being used as a generator for test 
purposes. 

A flexible switching scheme should be used for main 
substations so that the various operations may be con- 
ducted with the utmost dispatch. The arrangement 
should be such that access to any oil switch may be 
had without material loss of switching flexibility 
because oil switches require considerable maintenance. 

In closing, it may be said that four years of operation 
have proved that a 220-kv. system can be expected to 
give as good service as can be had from a 110-kv. 
system. With four times the kilowatt capacity at 
approximately twice the cost per mile the 220-kv. 
system affords a very distinct economy in the cost of 
transmission where the amount of power is sufficient to 
justify the use of the higher voltage. 

The success that has attended the operation of the 
pioneer 220-kv. systems proves that the economies of 
these systems can be realized and can be applied to 
increasing the transmission radius at a given cost or for 
decreasing the cost for a shorter radius. 


Discussion 

Harold Michener: Mr. Jollyman speaks of the dirt and the 
salt accumulation on insulators. Our experiences indicate that 
the only way to maintain satisfactory service is to clean the 
insulators as frequently as necessary, that frequency being 
determined by a study of local conditions. 

R. J. C. Wood: An insulator string is most likely to fail 
when wet by a fog. At this time the distribution of voltage is 
undoubtedly determined by leakage currents rather than by the 
condenser effect of the unit. 

That, I believe, is entirely true where there is not much 
lightning trouble; but the effect of grading a string is to increase 
the lightning flashover value. 

This grading should be more valuable to those building lines . 
in the East and mountainous parts, where lightning is more 
frequent than it is here. 


Static Stability Limits and the Intermediate 
Condenser Station 


BY C. F. WAGNER* 


Associate, A. I. E. E. 


HE development in power transmission has been. 


in the direction of delivering increased amounts 
_of power per circuit over greater distances. This 
trend raises two fundamentally important questions: 

1. What constitute the output limitations of the 
alternating current system of power transmission, and 

2. How close to these limits is it feasible to operate 
transmission systems? 

During the past few years, investigations have been 
under way to find the answers to. these questions. 
Stability has been recognized as the outstanding output 
limitation of power systems utilizing synchronous 
machines of the types now in use. There have been a 
number of proposals for increasing the stability limits 
of power systems. The use of lower system frequency 
and the reduction of the series impedance of the system 
are obviously of value in increasing the stability 
limits. Recently, the latter method, by decreasing the 
machine impedance, has been adopted in a number of 
transmission undertakings. Of course, raising the trans- 
mission voltage has been considered, but it is rela- 
tively expensive and does not avoid the “distance 
limitation” in lines approaching the quarter wave 
resonant length. This effect becomes important for 
distances considerably below the theoretical value 
because of the impedance of terminal equipment. 

One proposal of greater promise than any of those 
‘mentioned in the previous paragraph is the use of the 
intermediate synchronous condenser station. In 1921 
Mr. F. G. Baumf presented an important paper de- 
voting a considerable part of it to the use of intermediate 
condenser stations, which he advocated as a method of 
making technically feasible the transmission of 60- 
cycle power to substantially unlimited distances. 

Since the early proposals to utilize the intermediate 
condenser station to increase the stability limits of 
transmission systems, the entire subject has received a 
very great deal of attention before the Institute and in 
the technical press. During 1924, Messrs. Evans and 
. Bergvall į presented the results of tests made during the 
previous year, giving experimental verification of the 
increases in stability limits possible by the inter- 
mediate condenser. The tests were made on a minia- 
ture power system and showed improvements as great 
as 42 per cent. In the bibliography is listed a number 
of technical papers published in America dealing with 
the intermediate condenser station problem. 
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The best physical explanation of the elements enter- 
ing into the stability problem in general and the inter- 
mediate condenser station problem in partieular is 
obtained from a study of the mechanical analogy 
The mechanical 
model was first built by Mr. C. F. Wagner and used by 
him for the demonstration of the stability phenomena 
during the year 1926. In reality, the model is a syn- 
chronous mechanical transmission system used to simu- 
late the action of a synchronous electrical transmission 
system. 

The mechanical model as applied: to a simple system 
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involving a generator, reactance line, and synchronous 
motor is illustrated in Fig. 1. The model consists es- 
sentially of two rotatable members mounted on a com- 
mon shaft. Each member consists of a small flywheel 
to which a lever arm is attached. Each.member is 
provided with cords so arranged that downward forces | 
tend to rotate the members in opposite directions tend- 
ing to separate the lever arms, this action being opposed 
by a spring connecting them. The points in the 
analogy are indicated by the table accompanying 
Fig. 1. 
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Such a mechanical system represents quite faithfully 
from the standpoint of stability all the essential 
phenomena that take place on a simple electric power 
transmission system. When the load is in excess of 
that required to produce a displacement of 90 deg. 
between thetwoleverarms under steady load conditions, 
the system pulls out of step, simulating the pull-out 
of an electrical system. Incidentally, it may be 
mentioned that when the resistance in the electrical 
system is neglected the pull-out takes place at the same 
angle on the two systems. 


The power limits of the mechanical system can be 
increased by using a stronger spring, which corresponds 


Fig. 2—MecuanicaL MODEL INCLUDING INTERMEDIATE 
. CONDENSER 


to lower series impedance in the electrical system, and 
also by using longer lever arms which correspond to 
higher transmission voltages. However, probably the 
easiest way of increasing the power limit of this mechan- 


ical system is toinserta mechanical prop at an intermedi- 


ate point. If a rigid prop is located at the mid-point, the 
mechanical system can transmit twice as much power as 
before. The electrical. equivalent is a synchronous 
condenser of zero impedance. Ordinary synchronous 
condensers may be represented by the introduction of 
a spring between the extremity of a movable arm repre- 
senting the internal voltage of the condenser and the 
point on the spring corresponding to the location of 


. the condenser as indicated in Fig. 2. 
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It is not feasible to go into a detailed explanation of 
the performance of the mechanical model for steady 
state or transient conditions. This description of the 
mechanieal model has been given here to assist in a 
physieal interpretation of the analytical methods 
presented in the paper. Further information may be 
obtained by referring to the article by Mr. Griscom. 

The present paper incorporates the results of in- 
vestigations to determine the stability characteristics 
of systems with intermediate condensers. These in- 
vestigations necessarily have ineluded work on the 
general stability problem of systems involving three or 
more sources of synchronous e.m.f. In fact, the 
present study is concerned chiefly with an analytical 
investigation of the statie limits of network power 
systems disclosing methods applicable to the inter- 
mediate condenser station problem. 

Itis desirable at the outset to point out the limitations 
of the investigations. The present paper is confined 
to static limits. Static limits are important because 
they may be approached under emergency conditions 
even though the system is designed to operate . well 
below these limits normally. It is recognized that 
stability limits under transient conditions occur for 
smaller values of transmitted power. The authors 
presented a step-by-step method} applicable for the 
determination of the transient limits of transmission 
systems including intermediate condensers. It may be 
pointed out that static limits are best investigated by 


the application of a criterion obtained on the basis of 


small transients. In regard to the intermediate con- 
denser station problem, specifically, the nature of the 
problem lends itself well to a general investigation from 
the standpoint of static limits, whereas it does not lend 
itself to a general investigation of transient limits. Two 
of our colleagues, Messrs. R. C. Bergvall and P. H. 
Robinson will present in the near future a paper 
describing the application of the mechanical model 
to the solution of stability problems of net-work 
power systems. The authors hold the opinion that 
this method offers real promise for the solution of 
practical problems involving the intermediate con- 
denser station as well as the problems of the closely 
connected power system. . 

The general outline of the paper is as follows: 

1. General representation of systems. 

2. Discussion of the assumptions involved. 


.9. Stability limit of the two-synchronous-machine . | 


case. 
4. Caleulation of the stability limits of straight- 
away transmission systems. 
5. Static limitofthe three-synchronous-machine case ` 
including a study of one intermediate condenser station. 
6. Stability limits of the four-synchronous-machine 
case. | | 
7. Caleulation of power limits with one and two 
intermediate condenser stations. | 
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GENERAL REPRESENTATION OF SYSTEMS ; 


In general, the solution of any physical problem is 
reached by the solution of equations, the number of 
these equations being equal to the number of unknown 
quantities in the problem. This is also true for a-c. 
networks with fixed constants. Because of the linear 
nature of the first and second laws of Kirchhoff, 
which alone are necessary for a solution, the simul- 
taneous equations are always linear, with constant 
coefficients. "The solution for the terminal currents in 
terms of the terminal voltages of an n terminal network 
can always be reduced to the following form* 


LeY.ESYsEcYSES o A _ 
I, =. Y» E, + Yop E, — Y. E. eff. 077 Yon E, (1) 
m Tse Kaa E, — Y. E, — bor E. "PT + Yan E, 


in which the coefficients Yaa, Yi, . . . . Ynn are termed 
self admittances, and the coefficients Y,,, Y,,, etc., are 
termed mutual admittanees. It can be shown that 
Ymn is equal to Yam. The network is then completely 
defined as far so the terminal conditions are concerned 


| n 
by n self admittances and 9 (n — 1) mutual admit- 


tances. A two terminal network will reduce to a net- 
work of two self admittances and one mutual admit- 
tance, a three-terminal network will reducetoa network 
of three self admittances, and three mutualadmittances. 
The physical significance of these notions may be 
illustrated by considering in more detail a three terminal 
network. The equations for this case are 

Le = Yaa E, p Ya E, = Xa E. 

I, = — Y,, E, + Yo E, — Y, E. (2) 

L = — Yoo E, — Yor E, + Y. E.. 
Now, referring to Fig. 3 it will be seen that the above 


Yee" Yoc" Yac 
Ic 


Fig. 3—ADMITTANCE DIAGRAM REPRESENTING GENERAL CASE 
FOR A THREE-TERMINAL NETWORK 


equations represent the solution of the network indi- 
eated. The truth of this statement can be shown as 
follows: 

Since 1 
E = E ty. 


"Complex quantities wil be designated in this paper by a 
bold face roman type. The conjugate will be designated by 
old English type. Italic type indicates absolute value. 


then 


I, + Y, E.— Yar E; 
Similarly 
I, = -"Y,E.— Yeo Eo 
Equating the currents at the junction a 
I, = (Yaa — Yos— Yea) E, + (Yas E, — Yao Es) 
— (Yea E, - Yeo E.) 
= Y, E,— Y, E,— Y. E, 


This is identical to the equation defining I.. 


The 


Fig. 4—DrAGRAM REPRESENTING PARTICULARLY CASE OF A 
THREE-TERMINAL NETWORK 


expressions for I, and I, can be proved in a similar 
manner. 


To insure a thorough understanding of the signif- 
icance of these constants, consider the particular 
example of a three terminal network, shown in Fig. 4. 
This represents three generators feeding the load repre- 
sented by Z; through impedances. In addition, two of 
the machines have loads taken off their terminals. The 
equations for the network of Fig. 4 may be written as 
follows: 


1 1 
1-77 E- -7 E: = Yi E.— Yi Eu 
I : E le = Y,E,— YE 
h — Z. b Z d — 2£b7 2 aed 
1 1 
I; = Z; E, — Z E, = Y;E.— Y;E, 
1 
I, = + Z; E, = Y; Eg 


Summing the currents at the junction point 
lth t- h = 
Substituting and solving for E, 
Y; E, + Y; E, + Y; E. 
Yı + Ys + Ys +Y; 


From which 


E, = 


Y, E, + Y; E, + Y; E. 


I, = Y E- Yi Cat Ys 4 Ys 4 Yi 
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Y; E, + Y E, + Y E, 


hy croiser To Ens cn Y; 4- Y; +Y: 4- Y; 


Yi E, + Y; E; + Y: E. 

Y; + Y2+ Y; -+ Y; 
In this particular case, equating like coefficients: 
Y: 


I. = (Y; + Yo E. — Y: 


Yaa = Yi y E Yi Ys 4 Ys 

" Y, Y. 

5000 Vit Ys 4 Ys + Ys 

Y Ys Yi 

EUN EY TY: Y 
| va 

Yo = Yr Yi YE Yr Yi4 Y. 

Y ——À( O 

Ye = Yt Ye- y E Yi 4 Y 4 Yi 
Y, Y 

Ye = — 


Y; +Y: t Y; + Y: 


In the above example, only ordinary impedances were 
used. The general method, however, is not limited 
by such restrictions, but can be applied to the repre- 
sentation of lines with distributed constants combined 
in the most complicated manner. Using the method of 
General Circuit Constants* developed by Messrs. 
Evans and Sels, the current at the sending and receiv- 
ing ends of every branch in the network can always be 
expressed, respectively, as 


LR lr 
8 = B 8s 77 B T 
(3) 
I E, A E 
r B zs B r 


Summing the currents at a junction point and equat- 
ing to zero, an expression for the voltage at the junction 
point can be obtained in terms of the voltage at the 
adjacent junction points. Following this procedure 
and eliminating the voltages at all the junction points, 
equations can be derived expressing the currents at 
terminals in terms of the terminal voltages. Care 
must be exercised to prevent an error in sign as the 
method of self and mutual admittances just described 
assumes the current as positive when flowing into the 
network at every terminal, whereas the method of 
General Circuit Constants assumes current as positive 
when flowing into the network at supply and out of 
the network at the receiving end. 
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DISCUSSION OF THE ASSUMPTIONS INVOLVED 


The general method described in the previous section 
is the only one available for analytical calculation of 
stability limits of power system networks. Trans- 
formers, reactors, and lines may be represented in the 
usual manner by general networks with constant 
impedance and admittance branches. The accuracy 
of the general method depends upon the justification of 
the following approximations: 

1. Synchronous machines may be represented by a 
source of voltage and a series impedance. 

2. Loads may be represented by shunt admittances. 
alone or in combination with synchronous machines. 
The above items will be considered individually. 


REPRESENTATION OF SYNCHRONOUS MACHINES 


The representation of a synchronous machine by a 
source of synchronous e. m. f. and a series impedance 
is a commonly recognized device. The value of the 
impedanee and voltage, however, differ for various 
applieations. For example, in short circuit ealeula- 
tions, the initial symmetrical value of the short circuit 
current is estimated on the basis that the synchronous 
machine is represented by a voltage corresponding to 
the air-gap flux and an impedance called “transient 
impedance"; while the sustained value of short circuit 
current is estimated on the basis that the synchronous 
machine is represented by a voltage corresponding to 
the excitation and an impedance called the "synchro- 
nous impedance." In stability calculations it is neces- 
sary to know not only the magnitude of machine 
voltage and machine impedanee but also the angular 
relation between the terminal voltage and position of 
the rotor. 

The machine voltage to be employed in static stability 
calculations depends upon whether the excitation is 
constant or changes importantly. For the purpose of 
this paper the excitation will be assumed constant, the 
value of the excitation being so chosen as toregulate the 
terminal voltage at any desired value. Mention should 
be made of the fact that when an automatic voltage 
regulator and an exciter having an extremely quick 
response are employed, the excitation can be increased 
at a rate that is sufficiently rapid to increase the 
static limits materially. This possibility was first 
recognized by Mr. E. B. Shand* and subsequently 
proved by calculations and experiments by the authors 
in 19251. Experimental verification has also been 
secured by Messrs. Doherty and Nicklet. Deter- 
mination of whether a given system under control of 
voltage regulators is stable can be obtained by the 
application of the step-by-step method of transient 
analysis§. This discussion of the static limits with 
regulators has been given at some length because the 
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methods described in the paper for the determination 
of static limits without regulators may be employed to 
give approximate limits with regulators by the use of a 
voltage and an impedance intermediate between the 
synchronous impedance and excitation voltage on the 
one hand and the air gap voltage and leakage or tran- 
sient impedance on the other hand, the faster the re- 
sponse of the excitation system the closer it eyprodenes 
the latter value. 


The impedance to be employed to represent a syn- 
chronous machine with a definite excitation is not a 
constant quantity and is affected by saturation. Where 
salient pole machines are employed another effect must 
. be considered, namely, the saliency effect arising from 
non-uniform air-gap reluctance. As a consequence the 
machine impedance varies in magnitude and also in 
phase angle as a function of the real and reactive power 
delivered. 


The synchronous machine is best analyzed by the 
two-reaction method due to Blondel. This method as 
applied to a synchronous generator is shown graphically 
in Fig. 5. Because of the relative unimportance of 
armature resistance in stability calculations this factor 


Fig. 5—VEcToR DIAGRAM FOR SYNCHRONOUS GENERATOR 


E, = Terminal voltage 
/| = Armature current 
X, = Leakage reactance 
K, = Reactance equivalent of armature reaction along the main axis 
Ke = Reactance equivalent of armature reaction along the cross axis 
Ea = Excitation voltage 
ʻo =Angle between E, and I 
= Angle between £g and E, 


has been neglected. The figure is self explanatory in 
indieating the fundamental relations used by Blondel 
in his classic treatment. The effective machine 
impedance may be defined as that value which multi- 
plied by I vectorially will produce the voltage drop 


Zl. This impedance may be obtained as follows: 
Distance 
1-3 -Kil 
1—4 - K.I 
8—4 -(K,— KyI 
4— E, = (Ki— Ky I sn (0 + ô) 
E,—6 =4-5 


= (K,— K.) I sin (0 + 6) eos (0 + à) 
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K,—K 
= ==? Tein 2 (0 +8) 
6—5 =(X,+K,)I 
5— Ea = (K,— K.) I sin? (0 + ô) 
(Ki — Ke) 


= —— 3 .[1- cos 2 (6 + 8) ] 


The effective machine impedance* may now be 
written as: 


1 | ] 
Z, = 7| E- 6) +5 6-5) +j 6- Ea) 


Races eos 2 (0 + 6) ] 


[x e A] e (729) [3m 2 6 


— j eos 2 (0 + 5) | (4) 
The above relation may be expressed in different 
notation for reactances as follows:T _ 
Xa = Xy + K,, synchronous reactance, direct axis 
X, = Xy + K2, synchronous reactance, cross axis 


so that the impedance becomes: 
Xa T X )«( til ) 


. q 
Z, Sar + J ( 9 
| sin2 (6 + 8) — jcos2 (6 +8) | (5) 
Examination of equations (4) or (5) appear to make 
it difficult to determine the proper value of machine 
impedance. However, the fictitious resistance term 


X d — X q . ; s " 
— 29 sin 2 (0 + 0) is positive in a generator and 


negative in à motor. Consequently for the case of two 
similar machines operating at equal excitation and 
neglecting armature resistance, the total effective 
impedance is: 
Z = 0 +j [ (Xa + X9 — (Xa— X4) cos 2 (0 + 6) ] 
In such a ease the current is in phase with the terminal 
voltage so that 0 = 0. Hence 

(Xa — X) | 

os 26 | 


[ (X d t X a) (X d T 
| 9 - 
For such a system, pull-out will occur at about 6 = 45 
deg. so that the value of synchronous reactance to 
be used is 


Z=0+7 


*Bibliography, Item 14. 
TBibliography, Item 15. 
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Xi+X K,- K, motors, and synehronous converters with the first 
Z: =) e =] (x. + ==) (7) named predominating. 


The effect of line reactance may be included by 
increasing the X; term by an amount equal to one-half 
of the line reactance. This is equivalent to considering 
the machine reactance as that defined by equation (7) 
even though that equation was derived for the assump- 
tion of zero line reactance. For the normal machine in 
which K, = 0.5 K, this defines Z, as equal to 
Xy + 0.75 K.. 

The general representation of systems by means of 


ite) 


VOLTAGE IN PER CENT OF NORMAL. 


200 100 200 
VARIATION (N PER CENT 


Fic. 6—VaRIATION OF ReEacTIVE Kv-A. WITH VOLTAGE 


1. Synchronous motor—75 per cent load, 85 per cent power factor. 
lead (at normal voltage) 

2. Induction motor, 75 per cent load, 79 per cent power factor lag 
(average at normal voltage) 

8. "Transformer exciting kv-a. 

4. Synchronousconverter (reactive kv-a.in per cent of machine rating), 


impedance networks as defined by equation (1) re- 
quire that all impedances in the system be constant and 
independent of the current, voltage, or phase relation 
between currents and voltages. The impedance of 
machines, as defined by equation (5) however, is not 
independent of the angles between current and terminal 
and excitation voltages. For this reason, while this 
impedance is accurate for most purposes, it is not theo- 
retically correct but is sufficiently accurate for substitu- 
tion in formulas for the criterion of stability to be 
discussed later. 

The acceleration of the rotor of a synchronous 
machine varies directly as the difference of the torque 
due to the prime mover and the magnetic torque 
reacting on the rotor and inversely as the mechanical 
inertia of the rotor. In stability calculation, the actual 
velocity is so nearly constant that the acceleration is 
proportional to the difference in power input and out- 
put. A convenient formula for obtaining the accelera- 
tion is derived in Appendix ITI which is as follows: 


180 f 
W 


LoAD CHARACTERISTICS 


The load at the receiving end of a transmission system 
consists of induction motors, lighting, synchronous 


a= AP 


(8) 


The various types of load have different character-. 
istics. With synchronous and induction motors, the 
true power demand may be assumed to remain con- 
stant with variation in voltage, whereas lighting and 
synchronous converter load will vary as the square of 
the voltage. The reactive power demand varies greatly 
with the different types of load and the variation of 
reactive power with terminal voltage for typical loads 
are shown in the curves of Fig. 6.* 

It is impractical to consider a multitude of individual 
loads, and it therefore becomes necessary to use some 
composite load characteristics such as shown in Fig. 7. 
These load characteristics must also take into account 
the effect of local supply lines and transformers im- 
pedance and admittances. Such a characteristic load 
curve is difficult to handle analytically so it is pertinent 
to consider suitable approximations such as the shunt 
admittance of constant value indicated by the dotted 
line of Fig. 7. It should be noted that the constant 
admittance method is optimistic so far as true power is 
concerned and pessimistic in regard to reactive power 
changes. The justification for this approximation 
follows from the application of an accurate method to 
a number of special cases. The accurate solution is of 
course obtained by employing the actual data as to the 
rates of change of real and reactive power as described 
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Fic. 7—TyYPICaAL Loap CHARACTERISTIC CURVE 

in the Appendix II. Calculations were made on a 
simple transmission system for a variety of load con- 
ditions. The study of these results given in the 
Appendix indicates that shunt admittances represent 
not only a desirable approximation but a highly accu- 
rate one as well. Furthermore, it is possible to com- 
bine shunt admittance with the synchronous machine 
characteristics to obtain a combination still more nearly 
representative of all receiving end characteristics. 


Two MACHINE PROBLEM 


The problem involving two sources of synchronous 
a-c. voltages has been termed the “Two Machine 


*Bibliography, Item 12. 
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Problem." The solution given here represents the 
general case for any two synchronous machines con- 
nected to networks in which the load can be represented 
by pure admittances or shaft loads on the synchronous 
machines. These machines may be operating as two 
generators, as one generator and one motor, or as one 
generator and a condenser. The current at the termi- 
nals of the machines can always be expressed in terms of 
the internal voltages by the following equations: 


I, = Yaz E. a Ya E, 
(9) 
I, = — Ya E. + You E 


in which currents in the positive sense are taken as 
flowing out of the machine and into the network, I, 
and I, are line currents and E, and E, are star voltages 
which are considered as being secured rigidly to the 
rotor so that their time rates of change are determined 
by the time rates of change of their rotors. 


The real and reactive components of power output 
of the two generators are: 


P, +j Qa = 8 Ee 
= 8 Yas Ee € Ya E. €, 
P,+7Q. = 3E Je 
= 98 Ya £, E, +3 Yo E? 
or in terms of their line to line voltages: 
Pa +F Qa = Yaa E — Ya Ex Ep 


(10) 
P, +i Qi =— Ya €, Es + Yo Er? 
Let 
Ea = E, e^ 
Es = Es 7? 
Ya = Y. e? (11) 
ber -— Y iù e? 
Yoo = Ya gt 
then 
Pa +7Q. = Yoo By? e" 
= Viki bee oe) 
P, +3} Qi = — Ya E, Ep e? 79^ 92 (12) 
+ Yu, Ep? e-79 
and since €^ = cos 0 + j sin 0 
P, = Yaa ER cos o 
— Y ab E, Eg cos (da = QB = Qı) (13) . 


P, = — Ya E, Es cos (ha — ós + $1) 
T Y, Ep? cos ds 


These equations define the electrical output at a 
and at b. The mechanical input will be designated by 
P,a and P, in which input as for a generator will be 
considered positive and input as for a motor having a 
shaft load as negative. The difference between the 
input and output of say a turbine-generator set is thus 
expressed by P,,— Pa This can be converted to 
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acceleration of the rotor by means of equation (8), so 


d 
that o, or c is equal to 


"A A . A (Py — P.) 
7 = Pa — We Yaa Ex? cos à; + 
+ A Yoo E4 Es cos (ġa — és — $1) (14) 
= A gb — M Y, Ep? cos ds > 
A Y a E, Es cos (ġa — $a + $1) (15) 


These expressions determine the rate of change in the 
absolute position of the voltage vectors. In the final 
analysis, however, it is the variation of the difference in 
angle between the two voltages, the phase angle differ- | 
ence, that is really important. So long as the phase 
difference between the two voltages does not exceed a 
certain value the actual changes in their position in 
space is unimportant. 


Let 
pa — ba = Ó (16) 
d? p d? o> d? > 
d? — in IF = Ga— ap =a (17) 
From equations (14) and (15) 
P. P, Yu Eg 
a = 180f W. - A + y, cos $3 
Yea E, 
— — 7 — cos $, + Ya E, Es 


Wa 


[ - ( d - =F ) es 41 008 6 


(> Z JI (18) 
This. equation completely determines the oscillation 
between the machines resulting from a disturbance for 
thegiven circuit conditions, voltages, inertias, and gover- 
nor settings. Circuit conditions, inertia of machines, 
shaft loads of motors, and prime mover inputs of 
generators can be assumed constant, the last named 
beeause of the relatively sluggish action of governors. 
The voltages appearing in the equations are machine 
voltages which are assumed constant in magnitude. 
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The above equation can be solved by elliptic func- 
tions or by step-by-step methods. For small variations 
from the mean angle the following method may be used. 


dw 
aœ = ——— Ad 


d $ 


1 1 
= 180 f Y E. Es | — ( W ~ =~ ) eos bı sin @ + 


HF a) sin dr eso | ao (19) 


It is interesting to note that only the mutual admit- 


tance enters this equation, the two self impedances 
disappearing because they are not associated with terms 
that vary with the angle. 

In analyzing the conditions for stable operation at 
a given operating point several criteria suggest them- 
selves. One of the rotors can be displaced forcibly 
from its position of equilibrium and the relations 
analyzed to determine whether it will return to its orig- 
inal position. An increment of load could be placed 
on the shaft of one unit and the conditions investigated 
for stable operation. Another disturbance suggests 
itself in decreasing the network load by changing the 
network constants. The latter two involve a change in 
frequency or governor setting to determine the final 
steady state operating conditions. For this reason the 
change in angular position constituting. the disturbing 
factor will be selected. 

The criterion for stability shall be that the system 
return to its original position aftera slight displacement 
of the angle between the machines. Let 4, be the 
steady state angle and 0 the departure of @ from this 
angle, then 


od = do + 0 (20) 

Ad is then equal to 0 for small value of 0 and 
do d . TE: 

a= Te = Ge Since the acceleration is zero for 


$ = odo, everything being balanced for this particular 
value, then A a = a for small values of o. 
Equation (19) may now be written 


d: 6 1 
"uo 180f Y, E, E, |- ( - 


1 : 
— x.) cos $, sin do 


This has the same form as the simple differential 
equation 


(22) 


which is the equation for simple harmonic motion so 
long as K is negative. The condition then that the 
motion resulting from a disturbance be oscillatory and 
not continue with increasing angle and finally pull out 
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is that the coefficient of 0 be negative; then for any small 
displacement 0 the rotors will always return to their 
original relative position. Since the quantity 180 f 
Y a» E, E, is positive the condition for stable operation 
reduces to the relation that 


1 
Co + Fr ) sin ceo oo 
| 1 
qp- ) cos i sin ġo < 0 (23) 


( d 

VW, Ws 
The limiting condition is reached for that value of ġo . 
for which 


1 1 
E + Gz ) sin «cos ġa 


1 1 
-( W. — =~ ) tos óisin go = 0 


or for 


W, + W, 
W, z3 Wa 


It can be seen from this that the limiting angle is a 
function of the inertia of the two machines and of the 
argument of the complex number representing the 
mutual admittance Y,,. This result is contrary to the 
previously accepted theory which neglected the in- 
fluence of the relative values of the inertia. 


For 


tan do = ia roxy (24) 


Wa = œ 
tan do = tan $i 
do =—-Gtnr 
where n is any integral number. 
For W, = œ 


Po 


ho = 1/2 (25) 
For those cases usually met in practise in which a is the 
sending end and b the receiving end of a transmission 
system 


dit m 
For W, = W, 


| n = Qand m = 1, so that 
for 
| W. = œ, ġo = — di (26) 
and for 
W, = ~,d.=7+ di (27) 


These general considerations, perhaps, may be seen 
more clearly by analyzing the expressions for a, and 
a, in the light of the power circle diagrams. Consider 
machine a as a generator and machine b as a motor 
connected by a simple impedance Z. The motor shall 
be loaded by a shaft load of essentially constant power. 
(see Fig. 8) The coefficients for this case will then be: 


Yaa Ya = Yu = Woo = — r Soe 


so that equations (12) become 
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l , 1 : 
D, +9. = -g EM e)" 2 eden By Ws ei (ety 


z (28) 


| 1 | 1 | 
P, 4-3Q, CA es Em Es e*t)» E ELE Eg c?" 
(29) 


Reversing the positive reference of current flow at B 


GENERATOR MOTOR 


PRIME IMPEDANCE SHAFT 
MOVER LOAD 


Fig. 8—SÓiMPLE PowEnR SYSTEM 


to correspond to the more usual practise the power 
expression for B becomes: 


Pr +7 Qai = + = E, Ep gicem = + Ey e 
(30) 

Equations (28) and (29) can be plotted in the usual 
form of power circle diágrams shown in Fig. 9. The 
point a, being. the center of the sending-end circle, is 
determined by the first term in equation (28); the second 
term may be drawn with a as center and radius equal to 
the absolute value of the second term. For ¢ = 0 the 
line will lie along oa. "This line constitutes the refer- 
enceline. For other values of $ the particular angle is 
measured from this line, positive angles rotating the 
vector counter-clockwise. The receiver circle is plotted 
in a similar manner with center at 6 determined by the 
last term of equation (30). Positive angles are mea- 
sured in clockwise rotation from 60. Now suppose 
the systems were operating at the point c on the send- 
ing end circle which corresponds to d on the receiving 
circle. The governor would be set for the power corre- 
sponding to c and the power, or torque since speed 
changes so slightly, on the motor would correspond to 
point d. Any slight instantaneous change in the 
operating angle would change the operating points to c’ 
and d’. Since the governor setting and motor torque 
are constant the increased power output at the genera- 
tor end tends to slow up the rotor of the generator and 
speed up the rotor of the motor and thus reestablish 
the original operating angle. This is an inherently 
stable operating position. The acceleration at either 
end varies directly as the excess of output over input 
and inversely as the inertia of the rotor. The actual 
rate of change, the resultant acceleration, of the angle 
is a resultant of the effects at the two ends. Both 
effects act in the same direction up to the angle corre- 
sponding to maximum power at the receiver (point of 
vertical tangency), t. e., up to this point a small incre- 
ment in angle produces retardation of the rotor at the 
generator or sending end and acceleration of the rotor 
of the motor but both effects tend to decrease the angle 
and to this extent act in the same direction. Slightly 
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beyond this point an increment in angle produces 
retardation of the rotor at the receiving end. Both 
ends are now retardation. The resultant effect on the 
system depends upon which of the two retardations 1s 
the greater and these in turn are dependent upon the 
relative inertias of the two machines. For equal 
inertias and angles less than 7/2, the generator will 
retard faster than the motor for positive increments 
in angle. When the angle is 7/2 the retardation are 
equal but within the range of line angle, y to 7/2, 
while both ends retard the generator retards sufficiently 
rapidly to maintain synchronism. "Thesystemasa whole 
will retard, reducing the frequency, but this will be 
taken care of by the automatic governors. 

When the inertia of the generator is infinite the 
acceleration of the generator for any finite change in 
power is zero, so that the acceleration or retardation of 
the angle is determined entirely by that of the motor 
rotor. For positive increments in angle the accelera- 
tion of the motor rotor is positive up to the point where 
the line angle reaches v, beyond which it becomes 
negative. The stability of the system for this condi- 


Figs. 9—Power CirctE DIAGRAM FOR THE SIMPLE POWER 
System SHOWN IN Fic. 8 


tion is coincident with the condition of maximum power 
at the receiver (d” in Fig. 9) and the line angle is y, the 
argument of the complex number representing the 
admittance Y.» When the inertia of the motor rotor 
is infinite the limit is determined for similar reasons by 
the condition of maximum power at the generator. 
This corresponds to a line angle of 7 — y, the operating 
points of which are indicated by c’” and d'" in Fig. 9. 
It is interesting to note in this connection that it is not 
only possible theoretically to operate beyond the point 
of maximum power of the receiving circle diagram such 


! 
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as discussed for conditions when the inertia of the rotor 
of generator is other than infinite, but it is possible to 
operate beyond an angle of 7/2, when the inertia at the 
receiving end is greater than that at the generator. 
While this is the condition usually met in practise it is 
not being advocated here to operate a system within 
that zone. 

It follows from the above discussion that while the 
point of maximum power might be a stable operating 
point this method might give a result which would 
indicate that for the maximum angle at which it is 
possible to operate, the stability limit is lower than the 
maximum power, (2. e., that the power at say d"' is 
lower than at d"). Butto arrive at this operating point 
it is necessary with slowly increasing load to pass 
through the point of maximum power of the circle 
diagram. In such case the system reaches a maximum 
power limit before a stability limit. These ideas are 
merely being developed here to insure a clearer con- 
ception of static stability. Some of these operating 
conditions which are here shown to be stable were 
heretofore considered inherently unstable. 

The natural period of a system varies with the magni- 
tude of the oscillation and with the load. For small 
variations of angle the differential equation takes the 
form of equation (22). The natural period obtained 
from a solution of this equation is 


2T 
vV—K 
The eonstant K is the slope of the 


En 2a 
e 


for K negative. 
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Fic. 10—Curves SHowING RATIO BETWEEN NATURAL PERIOD 
FOR SINUSOIDAL VARIATION OF a AND LINEAR VARIATION OF « 
PLOTTED AS A FUNCTION OF DISPLACEMENT 


acceleration curve plotted as a function of the angle and 
. a 

is equal to EN 

therefore 


T=2r | 
' a 


and is expressed in seconds when @ is expressed in elec- 
trical degrees and a in electrical degrees per second per 


(31) 


0 
second. As can be seen from equation (21). D in- 


creases with increasing angle, so that the natural period 
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increases with angle or with load, reaching an infinitely | 
large value at the static limit. Of course, all these 
The 
inereased natural period near the limit permits more 
time for the operation of automatic voltage regulators 
and exciters and indicates that the period near the limit 
is determined more by magnetie phenomena in the 
machines than by electromechanical phenomena. 

In general, increasing the amplitude of the oscillation 
increases the natural period. For small oscillations the 
curve of œ against 0 can be considered linear, but for 
larger oscillations this is not justified. The correction, 
however, for amplitudes ordinarily met in practise is 
not great. For example, if the acceleration is a sinu- 
soidal function of the angle the ratio of the actual period 


ABCD, 24a, 8, Ce DHEA, Bsc 0, FS 
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to that obtained by taking the slope for 0 — 0 is shown 
in Fig. 10. 


PRACTICAL CALCULATION OF STATIC STABILITY 


In general, the voltage will be maintained constant 
at various points in the system and as the load varies 
the excitation must be changed either manually or by 
means of automatic voltage regulators to maintain this 
voltage. Because of this changing excitation and in- 
ternal voltage it would be necessary by the method just 
described to calculate the angle and the internal volt- 
age for each condition and then apply the criterion for 
stability to determine whether the system is stable or 
not. The following method for the calculation of 
maximum power does not require the knowledge of the 
internal voltage. 

The most general case in which the problem can still 


be reduced to a single synchronous machine at each end 


is that shown in Fig. 11 in which the three rectangles 
represent general networks, E, and E, the internal 
voltages (to neutral) and b and c the points at which the 
voltages are maintained. The three general networks 
in series can be combined into one equivalent so that 
the following expression is obtained: 

E. = Ay Eg + Bo I (32) 
where, Ay and B, are the general circuit constants for 
the three combined networks, E, and E, the star 
voltages at a and d respectively and I, the current at d. 

Transposing equation (32) 


L=- -E Arg 33 
d — B, a7 B, d ( ) 
from which it is seen that 
1 | 
Ya = Yo e^" = -57 (34) 
0 
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But 
B, = A, (B; A: + D; Bj) + Bi (B; C; + D; D?) (35) 


so that $1 is the negative of the argument of the complex 
number By. The limiting angle, do, is related to 4: 
by the relation expressed by equation (24) and is 
dependent upon the relative inertias. 

Having obtained the maximum overall angle corre- 
sponding to the limit of stability, the actual value of 
power delivered can be determined by the following 
graphical means. From a knowledge of A» Ba, Co, D, 
and the voltages at b and c, the sending and receiving- 
end power circle diagrams for the middle section can 
be drawn as shown by the heavy lines in Fig. 12. For 
any angle 8 between the voltages at b and c the power 


Impedance B l 
Angleof Bs “s, 


Impedance , 
* Angle of B, 


Fic. 12—Power CIRCLE DIAGRAMS FoR Two-MACHINE 
PROBLEMS 


flow at these points is indicated by the points m and n. 
Every point such as m on the supply circle must also 
represent a point on the receiving circle for the first 


section. This latter circle is represented by the 
expression 

P, +50,- 2—E,.E —ja AL pe 

b T] Yb = 3, A LBE $, B 


A 
The center of this circle is located at — —— Eg. 


$: 
It will be noted that all of these quantities are known 
and can be plotted as shown by the point p. Now 
while the value of the voltage E, is unknown (and in- 
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cidentally will not be necessary to determine) the 
reference vector from which the angle œ is measured 
can be drawn making an angle with the horizontal 


1 
equal to that of =— 


z which angle is the same as the 
1 


b 
angle of B,, 2. e., tan-! p^ where B, = a, 4-36,. As 
; 1 


stated previously, the point m must lie on the receiving 
power circle diagram for the first section, and therefore, 
the angle a between p m and the referencelineindicates 
the angle between the voltages at a and b for the power 
transmitted at c corresponding to point n. 

A similar construction applies to the receiving-end 
network. The power at c into this network is expressed 


1 
PER Sa Ec Ep eth 


D 
P.+5Q. = -g Be’ 3; 


D. 
The center of the circle q is determined by T wm Ec 
3 
and the reference line makes an angle with the hori- 


1 b 
zontal equal to that of — ———, îi. e., tan`: Fu where 
3 


Bs 
B, = 43 + J bs. 

The angle y between nq and the reference line’ 
indicates the angle between the voltages at c and d. 
Therefore, o + 8 + y gives the total angle between the 
voltages at a and d for the power conditions at c corre- 
sponding tothe point ». After a few trials the point n 
ean be determined for which a +8 + y = ġo. This 
gives the amount of power that can be transmitted at c 
for the maximum operating angle ġo. This is the 
maximum angle at which the system is still stable. The 
maximum power may sometimes occur for a smaller 
angle. 


The general method can best be illustrated by 
means of a solution for a particular case. The example 
chosen is the determination of the static power limit for 
a 270,000-kv-a. generator, transformers, a 250-mile line 
and a 170,000-kv-a. synchronous motor. The voltage 
at the generator and motor terminals will be maintained 
at an equivalent of 220 kv. by hand regulation. The 
constants of the line and machines are as follows: 

Line Constants: 


Length of line = 250 miles 
Frequency = 60 cycles 
Resistance per mile = 0.151 ohms 
Reactance per mile = 0.813 ohms 


Admittance per mile = 5.22 micro-mhos 
Conductance per mile = 0 

Step-up Transformers: 
270,000 kv-a. total. 12% Reactance 
13,200— 220,000 volts. 
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Step-down Transformers: 
240,000 kv-a. total. 12% Reactance 
210,000—13,200 volts 
Generators: 
210,000 kv-a. total 
0.9 power-factor, 13,200 volts 
100% Synchronous impedance. 
Synchronous Motor: 


170,000 kv-a. 
85% Synchronous impedance. 


The combined constants for transformers and line 


are: 
A: = 0.8431 + j 0.0279 
B. = 39.6 + j 232.1 
C: = (0.0104 + j 1.248) 10 
D; = 0.8428 + 7 0.0280 


These constants are sufficient to permit the con- 
struction of the sending and receiving power circle 


200 x 10° Kw. 
P- 


Fic. 13—CIRCLE DIAGRAM FOR ILLUSTRATION OF 'T'wo-MACHINE 
PROBLEM 


diagrams in the ordinary way. These are indicated by 
the full lines in Fig. 13. 


The center of the receiving circles for network 1 is 


A 
s, Ev. 


only the generator reactance 


located at — Since this network contains 
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A; =1.0 +70 
B, = 0 zu j Xi 
and 
Ai. 1 
$i = J Xi 
Ai _ Eg? 
SES SE 
22 220,000 
A Nee 


179.2 
Incidentally, this is equal to the sustained short circuit 
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Fig. 14—Powerr-ANGLE DIAGRAM FOR SvsTEM or Fras. 
11 AND 13 


kv-a. at the point b. The center of the generator circle 
is indicated by the letter p on Fig. 18. The reference 
line coincides with the axis of reactive power. 

The center of the sending circles for network 3 is 
obtained in a similar manner. 


D; = 1.0 
B; —-0707X; 
D, B 1 
$5 —jXs 
The center is located at 
Ds _. Ec 
T doen d 
200 x 200,000 
= j— - j 200,000 


200 


This point is plotted at q, the reference line being the 
axis of reactive power. 


Now give 8 an arbitrary value, say 34 degrees, and 
determine m and n for this value. Draw m p and nq 
and measure a and y. 

a = 22.3 degrees 

'y = 26.0 degrees 

æ + B + y = 82.3 degrees 
The total angle between internal voltages is then equal 
to 82.3 degrees for 100,000 kw. transmitted at the 
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receiving end. Choose a different value of 8 and repeat. 
By this means the curve in Fig. 14 can be obtained. 
The final step consists in determining the limiting 
angle. If the inertias of the two machines are equal the 
limiting angleis 90 deg. and the power corresponding 
to this angle can be read directly from the curve and is 
found to be 111,000 kw. When W., = W, it is neces- 


sary to calculate ġo from equation (24). Substituting 
in equation (35) B, is found equal to 
B, = 28.6 + 7 506.7 

and 

tan? DE 86.7 d 

$; = — tan ogg = - 86.7 degrees. 
From equation (24) 
= W, + Wa " 
bo = tan W,— W. tan $i 


Using this formula $,, can be calculated for any com- 
bination of inertias. 


IfW,-2 o | 
o = 86.7 degrees. 
and the power limit is 106,500 kw. 
If W, = œ 
o = 180 — 86.7 = 93.3 degrees. 


and the power limit is 116,000 kw. 
For other values of inertia, the power limit will be some- 
where between these two limits. For example, if the 
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stored energy at the receiving end is twice that at the 
sending end 
3 506.7 


oo = — tant - gg ^ 92.2 degrees. 


and the power limit is 113,000 kw. 
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For those problems involving low inertia hydro- 
electric generating stations feeding a load through long 
lines the stored energy at the receiving end is usually 
larger than at the sending end so that the limiting angle 
is usually larger than 90 degrees. It is, therefore, 
usually found that using 90 degrees as the limiting angle 
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gives limits which are slightly low. Some problems 
arise in which the curve of Fig. 14 reaches a maximum 
and begins to droop before the limiting angle is reached. 
The cases of this nature which have been examined 
were cases in which considerable power was being 
supplied by local generators and the line itself was 
really operating at an angle beyond 90 degrees so that as 
far as the line itself is concerned, with increasing line 
angle, the power limit of the line is reached before the 
stability limit. In such a case the system would never 
be operated at or near the angle corresponding to the 
actual stability limit; the operating angle of the line 
corresponding to this condition represents an impracti- 
cal condition. 


STABILITY LiMITS OF 220- AND 110-K v. TRANSMISSION 
SYSTEMS 


The methods which have just been described have 
been applied to the caleulation of the stability limits of 
60-cycle, 220-kv. transmission systems of various 
lengths. Fig. 15 shows the stability limits for systems 
with generator and step-up transformer at one end and 
step-down transformer and synchronous motor at the 
other end, the generator and motor being identical in 
electrical and mechanical characteristics, and the 
voltage being maintained at 220 kv. on the high voltage 
side of the transformers. Fig. 16 shows the stability 
limits for the same lines fed into an infinite bus at the 
receiving end, that is, the voltage at the receiving end 
is maintained constant at 220 kv. and the inertia of the 
apparatus at the receiving end is assumed to be in- 


| 
| 
| 
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finitely large. In both cases the generator reactance in 
per cent was based upon the delivered power. 

The curves of Figs. 15 and 16 may be used in estimat- 
ing the static stability of systems by considering how 
the particular system approaches either of these con- 
ditions upon which the calculations were based. These 
curves will also be found useful in comparing the relative 
effects of generator reactance and length of line upon the 
stability limits. It should be borne in mind that these 
results do not indicate the value at which it is desirable 
to operate the system but rather that they represent 
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the very limit of power which can be transmitted and 
that the system should be so designed that even during 
emergency conditions these values should not be 
approached. 

Figs. 17 and 18 show similar static power limits for a 
typical single-circuit, 110-kv. system. The assumptions 
as to load were identical. 


THREE-MACHINE PROBLEM 


A large percentage of the problems met in practise 
can be reduced to the equivalent of a two generator 
problem—a synchronous generator at the sending end 
and a synchronous motor or generator supplying a 
local load at the receiving end. There exist, however, 
a large number of problems which can not be so simpli- 
fied. A particular case, and one with which this paper 
is largely concerned is that of ascertaining the effect 
of an intermediate condenser station in improving 
the stability limit. This type of problem has been 
termed “the three-machine problem," because, in the 
general case it involves three sources of synchronous 
e.m.fs. The solution of this problem immediately 
permits of the solution of a large number of problems 
previously considered too involved or complicated. 
The number that may be so solved are fewer than those 
that may be solved by the two-machine problem. 
There still remain a large number of problems which lie 
beyond the scope of either the two- or three-machine 
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problem. The solution of some of these, inherently 
involve the addition of another source of synchronous 
e. m. f., requiring the solution of the “four-machine 
problem." A particular case of this type and one with 
which this paper is concerned, is that of a transmission 
system with two intermediate condenser stations. The 
solution of the three-machine problem will now be 
discussed. 

As shown previously, the general circuit conditions 
for the three-machine problem in which loads are 
represented by impedances, are completely defined by 
the following equations: 


I, = Yos E, ae Ya E, = Ya E. 
— Ys, E, + Yo E, — Y, E. 
I. EE. Y: E, id Yoo E; + Ts E. 


As shown in Appendix I, the conditions which must 
be fulfilled at all times so that the system remains in 
synchronism are, 


| 
e 
Il 


a >0 
b >0 
a>4b 
in which a and b are functions of the network constants, 
the inertia of the machines, the internal voltages, and 
the angles between the internal voltages. These 
functions are derived in the appendix. 
The above relations supply a test which can always 


(36) 
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be applied for the stability of a three-machine system. 
This type of problem differs somewhat from a two- 
machine problem because of the larger number of 
possible solutions. Given the inertias and the phase 
angle of the Ya, admittance in a two-machine problem, 
the maximum operating angle is completely determined, 
but in a three-machine problem the maximum operating 
angle between any two voltages is dependent upon the 
conditions at the third. The line of attack shall be to 
determine the phase position and magnitude of the 
internal voltages and then to apply the test for stability. 
In general, a three-machine problem possesses five 
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degrees of freedom; after knowing the circuit constants 
it is necessary to know five additional quantities before 
the distribution of real and reactive power can be 
determined. These quantities might be three voltages 
and the angles between them or they might be three 
voltages, power at a point and the angle between two 


Fia. 19—Circvuit FOR SYMMETRICAL INTERMEDIATE CONDENSER 
CASE 


voltages. The intermediate condenser station problem 
may be cited as a particular example. Suppose the 
voltage be maintained constant at the terminals of the 
generator at the sending end, at the terminals of the 
condenser, and at the terminals of a generator at the 
receiving end. In addition suppose the power input 
into the system by the condenser will be zero. Under 
these conditions, one additional quantity permits of a 
solution of the operating condition. If the power sup- 
plied by the receiving end generator be fixed, the 
reactive power of that machine is also fixed; the real 
and reactive power of the sending end generator, the 
reactive power of the condenser, the internal voltages 
of all three machines and their relative phase angles, 
all, can be determined. Having fixed the last per- 
missible variable and applied the test for stability, 
another value of the variable may be chosen and this 


process continued until the test shows instability; 


that is, until one of the conditions for stability fails. 

The calculations of a number of practical cases in- 
cluding an intermediate condenser indicate that the 
relation b > 0 is the condition which usually fails 
first, that is, becomes the limiting condition. This is 
supported by the analysis of a number of simplified 
cases. One of these is the case of a generator, motor, 
and an intermediate condenser of zero impedance 
connected by reactive lines in which both the resistance 
in the lines and machines are neglected. It is interest- 
ing to note in connection with this particular case that 
the condition which must hold for the system to remain 
in a stable condition is dependent only upon the angle 
between the voltages and is independent of the inertias, 
the reactance of the circuit, the magnitude of the volt- 
ages and the location of the condenser. It will be shown 
in the next section that this condition also holds for 
the case in which the condenser impedance is finite and 
the system is symmetrical about the condenser. 

Accepting this as the limiting condition, the following 
relation regarding inertias is obtained. The general 
form for 6 is 


b = (A—-B—F) (C—-D+E)+(D-F) (A-E) > 0 (37) 
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Each of the terms denoted by A, B, C, ete., possess 
one value of inertia. After expanding, the expression 


b can be arranged in three groups having W.W,’ 


1 1 f : 
Ww and Wwe respectively, for coefficients. 


If the stored energy of all the machines is equal, 
the three coefficients are equal so that the limiting 
conditions become independent of inertia or if any 


one has an extremely large inertia, in the limit, say 


infinitely large, the power limit of the system is inde- 
pendent of the inertias of the other machines. Simi- 
larly, if the inertia of one machine is zero and the other 
two equal, the limit is independent of the values of 
the other two machines. 


INTERMEDIATE CONDENSER STATION 
PURE REACTANCE LINES 


An example of the three-machine problem which is 
sufficiently simple to permit of mathematical analysis’ 
to determine which of the stability conditions will be 
controlling and from which important practical con- 
clusions regarding static stability may be drawn is the 
case of a transmission system in which the resistance 
and charging current are neglected, with a condenser 
station located midway in the line. Assume a syn- 
chronous motor load whose characteristics are identical 
to those of the generator. Let a be the generator, b the 
condenser, and c the motor, (see Fig..19) and 


E, = Internal voltage of generator 

Es = Internal voltage of condenser 

Ec = Internal voltage of motor 

E, = Terminal voltage of condenser 

Y. = Admittance between E, and Eg 

Y. = Admittance between Eg and Ec 

Y, = Admittance between Ec and Ea 

$. = Angular difference in rotor positions between 
a and b, and b and c. 

Zi = Line plus apparatus impedance between 
E,.and E. 

Zc = Impedance of condenser branch, i.e., con- 
denser and transformer. 


b 
b 
Ze 
r4 
a ci ; Jab bc 
a c 
(a) a Yac e 


Fic. 20—STAR-DELTA TRANSFORMATION 


By means of a simple delta-star conversion the network 
of Fig. 20A may be transformed into that of Fig. 20B 
in which 
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2 Z Ep ] 
Ya = Z Fiz PETE —- > 
: 4 Zo a> 
Zi (Zi F 4 Zo) uM eum (K, zu Ks) 
By assumption =2(-A+B-E) 
Tt 2 
$1 = $: = di =- -7 "E [ es2 e. 
W.- Wa 1 Z, Es W, 
Ec = E, zz om (147%; Jesse. | >o 
C a b 
The constants for the criteria of stability as developed | 
in Appendix I will reduce to the following: a—4b>0 
EXAM sin (6.——)--—— cos Qz — 4b = (K, + K;)? —4 (K: K, E K, K4) 
b b = (K,— Ks? --A KK, 
Y, E, Es r \_ Ya E, Es a bo vb dd. 
B -——W. sin (4.4) =— Ww. es ob: Of the three conditions, the last is always fulfilled 
a | 3 and may be dismissed. The other two conditions con- 
tain terms of the form 
gie Yar E Es sin (6.- -7 ) | €082 z + M cos $. (38) 
Wa | 2 in which M is the positive coefficient of cos ¢,. Exami- 
nation of functions a and b indicate that the conditions 
— Y a E. Es cos ¢, = — B fail when either cos ¢, of function b or one of the terms 
W, j of form (38) in either function a or b equals zero. The 
limiting condition is that one for which this equality 
D- Yas E, Es Sin ( "n =) is true for the srnallest angle. The term of the form 
W, . 2 (38) equals zero, depending upon the value of M, 
between 7/4 < $, < 1/2 but cos $, equals zero only 
Y a E, Ep at 7/2. The discussion, therefore, narrows down to 
=— W,  €089:— — À an examination of the two terms in a and b of the above 
form (38). This term may be written 
za "i m (2 dues Z) "M —U Spe Oe, 2 cos? $- + M cog ¢.—1 = 0 (39) 
NT CV ENM e (40) 
Ya Bia T 4 
p= w, m ( 2 $: + Z) Examination of this equation shows that the smaller 
| value of ¢, will be obtained for the smaller value of M. 
Y E. Since the M constant for the b condition is always 
-—w, © 2¢,=—KE smaller than that for the a condition, in the ratio 


The criteria for stability may now be determined 
b> 0 


b = K,K;— K: K, 
(A + E — By — m Tn 
Y,? E, E. 

—W. La 


W, dex W. — | eos 9. 
= 2 Yoe E. 


"OE E cos 2 $. + cos $e | 


2Y,. Yoo E? Es [ 2 


2 ;- | 
W. W, + W, eos $, 


1 
; the b condition is always the limiting 
2 (1 + zt) | 
W, , 
one. The value of M to be used is 
ZL Eg 
M = AZ. E. (41) 


The direct application of this relation requires a 
knowledge of the internal voltage Es, of the condenser 
which is not usually known. The usual practise is to 
regulate for constant voltage at the terminals of the 
machine or by means of a compensator on the high side 
of the condenser transformers. Using the latter as- 


. sumption it can be shown by means of a power circle 


diagram that the kv-a. supplied by the condenser is 


110 
O 4E? 4B Ey “i 
Q= ZZ, 08 = (42) 
The internal voltage of the condenser is then 
Q 
b= E, Zc E. 
4Z AZ 
=E,.+—> E.- E, cos $. 
dlügiving bye = 
or multiplying by 4 Z, E. 
Zi Eg 1 (7 ) E, 
Az E "74V +4 E. — eos, (43) 


 Substituting the values of M from equation (43) in 
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Fig. 21—Errect or INTERMEDIATE CONDENSER ON STABILITY 
LIMIT 


equation (39) permits a determination of cos ¢. from 


| Z 
which sin ¢, may be plotted as a function of -z for 


E 
the different values of ES as shown in Fig. 21. The 


quantity sin $, gives a direct measure of the improve- 
ment in stability limit obtainable by virtue of the 


condenser. The power at C is 
2E,E 
P, = c SB Ps (44) 
L 


With a condenser of zero impedance the power limit is 
2 E,E,/Z,, so that the ratio of the power that can be 
transmitted with a finite condenser to that which can 
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be transmitted with a condenser of zero impedance is 
sin $z. 

The power limit of the line without an intermedi- 
ate condenser station is E,?/Z;. The improvement 
achieved by the intermediate condenser is then 2 E, sin 
$,/E,. This quantity is also plotted in Fig. 21. 

In reviewing the properties of à system with an 
intermediate condenser it will be noted first that the 
stability limit for the symmetrical case is independent 
of the inertias. In addition it will be observed that a 
given condenser will show to better advantage on a 
long line than on a short line or expressed differently, 
a short line requires a condenser of lower impedance 
than a longer line to produce the same improvement. 


FoUR-MACHINE PROBLEM 


The circuit conditions for the "''four-machine" 
problem referred to previously are completely defined by 
the following equations: | 
I, = Ys E, un Ya E, =o bem E. T Yau Ea 
I, = — Ysa E, + You E, — Yo E. — Yoo Ea 
I, E E Yeu E, — Y.» E; + Vu E. — Y.a Ea 
In = — Yao Ea — Yo E; — Ya E. + Yaa Ea 
in which the I,, L, I., and I, are line currents and 
E., E., E., and E, the voltages to neutral. Asshown in 
the Appendix I the necessary conditions which must 
be fulfilled so that the system remains in synchronism 
are 


(45) 


c0 

b 60 
ab—9c>0 (46) 

A—b>0 

aw—3b>0 


in which a, b, c, and A, defined in the Appendix, are 
functions of the circuit constants, system voltages, and 
inertias of the machines. | 

All of these conditions must be fulfilled simul- 
taneously. The failure of any one is sufficient proof of 
instability. In problems of a given type one of them 
will be found to fail before the others and after establish- 
ing the particular one, it will be necessary to consider 
only this one condition. 

The problem involving two intermediate condensers 
with synchronous machines at each end of the line has 
been ehosen for discussion because of its important 
bearing on long distance power transmission. The 
condensers were assumed to have zero impedance and 
the resistance and charging current were neglected. 
Theoretical analysis of this case indicated that the c 
condition was the limiting one. It further showed that 
the stability limit occurred when the angle between 
any two adjacent machine voltages became equal to 
v/2. This conclusion is independent of the inertia of 
the machines, of the magnitude of machine voltages and 
of the location of the condensers. 

Calculations of stability limits of practical cases, the 
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results of which will be given later, also indicated that 
the c condition is controlling. 

Assuming then that this condition will be limiting 
for all practical cases involving two intermediate con- 
denser stations, interesting relations may be derived. 
c = K, Ke Ks + K: K, K; + K: K; K:— Kik;K, 

— K: K; Kı K, K,K; > 0 (47) 

Since each of the K’s contains only one inertia term 
and c is composed of groups of three, the terms can be 
expanded into four groups having for the coeffi- 


. 1 I : 
cients the terms W.W,W,. WaW Wa? WiW. Wa 


1 ! | 
WW Ww. respectively. If one of the inertias be 
€ d 


infinitely large three of the groups become zero so that 
the limit becomes independent of the inertias of the 
other machines. Other combinations for which the 
limit is independent of the inertias of the machines are: 


1. All equal 
2. One zero and other three equal 
3. Two zero and other two equal. 


STABILITY LIMITS WITH INTERMEDIATE CONDENSER 
STATIONS 


An important application of the theory and methods 
developed is for the determination of the stability 
limits of transmission systems with synchronous con- 
denser stations located at intermediate points along the 
transmission line. This is of particular interest at this 
time because of its bearing on long distance power 
transmission. The problems involving one and two 
intermediate synchronous condensers are special cases 
of the three- and four-machine problems in which power 
input and output of the intermediate machines, except 
for losses, are made equal to zero. 


Three general questions arise as to the intermediate 
condenser station under static conditions, namely, 
location, voltages to be maintained and condenser 
characteristics. 

Location of one intermediate condenser for a sym- 
metrical system is clearly at the midpoint of the series 
impedance of the system regardless of the characteristics 
of the condenser station itself. With two intermediate 
condensers the answer is less simple. With zeroim- 
pedance on a symmetrical system the condensers should 
be located so as to divide the system into three equal 
sections. With finite condenser impedance the middle 
section should be of relatively less impedance than the 
end sections. With finite impedance condensers the 
variations from the best theoretical location will have 
relatively little effect on the stability limit, consequently 
power system layout need not be handicapped by a 
requirement to obtain the theoretically best location 
of condensers at intermediate points. 

In regard to the voltages to be maintained there is, 
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undoubtedly, an advantage in maintaining them at as 
high values as permissible without reduction of voltages 
at other points. Practically, this means that the volt- 
age at condenser stations should be maintained on the 
high voltage line at the highest permissible value. 
With respect to the characteristics of a condenser this 
subject can best be discussed by showing the results of 
calculations. The first case considered is that of one 
intermediate condenser located between the sending and 
receiving ends of 220-kv. transmission systems of 
various lengths. The sum of generator and trans- 
former reactances was assumed in every case to be 
12.5 per cent on 100,000 kv-a., and theirresistances were 
neglected. The voltage was assumed to be maintained 
at 220 kv. on the high-voltage side of the transformers at 
the generating, receiving, and intermediate condenser 
stations. The best simple approximation of most of 
the receiving systems met in practise is the assumption 
of infinite capacity of the receiving end; that is, zero 
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Fig. 22—SmTABILITY Limir or 220-Kv. Lines or Various 
LENGTHS WITH ONE INTERMEDIATE CONDENSER STATION 


3-phase, 60-cycle, 795,000-cir. mils aluminum condenser, steel reinforced, 
29-ft. equivalent spacing, generator and transformer reactance, 12.5 per 
cent based on 100,000 kv-a. infinite bus and inertia at receiver 


machine impedance and infinite inertia. It was shown 
in the discussion of the three-machine problem that 
when the inertia of one machine was infinite, static 
stability limits were independent of the inertia of the 
other two machines. In Fig. 22 are shown the results 
of calculations of the stability limits of transmission 
lines of various lengths plotted as a function of the 
reactance of the condenser and its transformer. In 
addition, the condenser capacity required at the 
stability limit is shown by the dotted lines. In estimat- 
ing the stability limits of particular systems it will be 
found convenient to make use of the curves showing 
condenser capacity required at the stability limit in 
order to convert the impedance base from 100,000 
kv-a. to the base corresponding to the capacity con- 
sidered. At the right of Fig. 22 the following data 
are plotted: 

1. The stability limit of systems with condensers 
having the extremely high impedance of 10,000 per cent. 
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This corresponds to the condition of an essentially 
constant current condenser. 

2. The stability limit of systems with variable 
capacity static condensers located at the same points as 
synchronous condensers. In this case the condenser 
capacity was made variable to maintain the trans- 
mission voltage constant at 220 kv. 

3. The static stability limit of the line alone, that is, 
without any apparatus at the intermediate points. 

In Fig. 28 the same data are plotted in a different 
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Fig. 23—INcRBASE IN STABILITY Limirs or 220-Kv. LINES 
or Various LENGTHS OBTAINABLE BY ONE INTERMEDIATE 
CONDENSER STATION 


3-phase, 60-cycle, 795,000-cir. mils aluminum condenser, steel reinforced, 
29-ft. equivalent spacing, generator and transformer reactance 12.5 per 
cent based on 100,000 kv-a. Infinite bus and inertia at receiver 


manner to show the per cent increase in stability limit 
as a function of the length of the line. These curves are 
interesting because they indicate the relatively small 
improvement obtainable by means of variable static 
condensers. The difference in stability limit may be 
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explained in a qualitative manner as being due to the 
variation of the reactive kv-a. with voltage for the 
different types of apparatus as illustrated in Fig. 24. 
It will be observed that the greater the increase in lead- 
| ng kv-a., the greater will be the stability limit. 

Similar ealeulations were made for the 350-mile line 
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with two intermediate condenser stations instead of 
one with the results shown in Fig. 25. The increase in 
power limits obtainable by the installation of one and 
two condensers is shown in Fig. 26 which is plotted in 
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LINE WITH CONDENSER ÍMPEDANCE 


850-mi. line, 220-kv., 3-phase, 60-cycle, 795,000-cir. mils aluminum 
condenser, steel reinforced, 29-ft. equivalent spacing, generator and trans- 
former reactance 12.5 per cent based on 100,000 ky-a. Infinite bus and 
inertia at receiver 


the per cent increase in stability limit as a function ot 
the condenser impedance. It will be observed that the 
curves which are plotted for the same total condenser 
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The curve assumes identical condenser characteristics for both cases, 
the total installed capacity being divided for the two-condenser case. 
350-mi. line, 220-kv., 3-phase, 60-cycle, 795,000-cir. mils aluminum 
condenser, steel reinforced, 29 ft. equivalent spacing, generator and trans- 
former reactance 12.5 per cent based on 100,000 kv-a. Infinite bus and 
inertia at receiver 


capacity show that relatively less improvement is ob- 
tained by using the second condenser station. 
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SUMMARY 
The principal features of this paper may be summar- 


ized as follows: - 
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For static stability calculations, power systems 
may be represented by a network with constant 
impedance and admittance branches with as many 
terminals as the number of synchronous machines 
requiring individual consideration. This method is 
justified because, as developed in the paper, loads may 
be represented by the equivalent constant admittances 
and synchronous machines may be eplacen by their 
equivalent impedances. 

A criterion for static stability of vatem is presented 
together with formulas for the calculation of the two-, 
three- and four-machine cases. 

It is shown that the maximum angle between ma- 
chines for which synchronism can be maintained is, in 
general, somewhat dependent upon the inertia of the 
synchronous machines. Under some conditions syn- 
chronism can be maintained between two machines 
operating at angles greater than 7/2. The delivered 
power corresponding to definite excitation of machines 
will, in general, be a maximum for a smaller angle than 
the maximum stable angle. While the investigations 
have shown that synchronism can be maintained in 


regions heretofore considered inherently unstable, . 


operation in such regions is held to be inadvisable. 

There are a number of generalizations which may be 
made as to the limiting stable condition. 

For the two-machine problem the limiting angle is 
(a) 1/2 when the inertias are equal, and (b) is greater 
or less than 7/2 when the inertia of the receiving 
apparatus is greater or less than the inertia of the sup- 
ply apparatus, respectively, and (c) is equal to 7/2 and 
independent of inertia when resistance is negligible. 

The limiting stable angle with one or two inter- 
mediate condensers of zero impedance and system 
resistance negligible is 7/2 between adjacent sources of 
e.m.f. With finite-impedance condensers on a sym- 
metrical system with resistance negligible the limiting 
angle is independent of the inertia of any of the 
machines. 

The results of calculations of the stability of practical 
transmission lines indicate that large increases in static 
limits are obtainable with intermediate condensers. 
Small variation from the theoretically best location has 
relatively little influence on the stability limit. The 
improvement in stability due to an intermediate con- 
denser is of course larger with low values of machine 
impedance but even a high-impedance condenser of the 
synchronous type wil show marked advantage over 
static condensers which are unsuitable for this 
application. 


Appendix I 


DEVELOPMENT OF THE CRITERION FOR STABILITY 
FOUR-MACHINE PROBLEM 


Problems involving four synchronous sources of 
e.m.f. such as synchronous generators, motors, and 
condensers have been termed ''four-machine" problems. 
In the following, a criterion will be developed which 


WAGNER AND EVANS: STATIC STABILITY LIMITS 


118 


when applied to a certain operating condition will 
enable one to determine whether the system is stable or 
unstable for that condition. 

Consider the internal voltages of the four machines, 
constant and equal to E., E, E., and E,, (to neutral) 
respectively. Regardless of the complexity of the 
system, assuming only that all loads and connecting 
networks may be considered as having characteristics 
of impedances, such as, resistors, inductors, and con- 
densers, the current at the different machines may be 
expressed by the four following equations: (Impedances 
of machines are to be included as part of the network). 


I, = bem E, = Ya E; Ix bem E. E Yaa Ea 
= — Y, E, + Y, E, — Y,, E, — Yoa Ea 


Lam 
o 
| 


(48) 


I, a Yoa E, = Yoo E; + Na E. Ex Yea Ea 

Ia = — Yas Ea — Yas E; — Yas E. + Yao Ea 
Letting the phase voltages be, respectively 

E; = E. c! ?s 
E, = Eg ci? 
Ec E Ec c^ (49) 
Ep = Ep eied 
and since 
P, TJ Qa = 3 E, 3, (50) 
one may write: 

Pa + J Qa = + Yaa Ex? os Yap Ea Es e! (9a -»9 
m" Y. E. Ec c/(?c —ec) __ Yaa E, Ep c/(?a — éd) 

P,-4-jQu — — Yor Eg E, EOI 4 Ya Bi? 
uM Y. E; Ec ei (ob =$) __ Yu Ey Ep c? (bb — od) 

FP. + J Q. a Dea Ec Ex. p oUm (50) 
as Ya Es Ep ee — $b) + Vee E.2 
"- Ya Ec Ep ICI, — éd) 

P, +j Qua DUE Yaa Ep Ea c) (ed — $99) 
= Ya Ep Es ej (ed — $d) 
= 3a. Ep Ec c) (94 — c) + Yaa Ep? . 

Now let 

Da P Pp = Ó. 
Ps — Pe zz Py 
Pe "ee Da = Q: 

and 

Y. = Yoo eh 
Yue = Yor echt 
b dm = er e/*: 
Yaa = Y aa e^ (52) 
Ysa = Yw e*s 
Y.a = Yea e*s 
Yaa = or e? 
Yous = You ci^ 
b im = Ya ei 
Y Es ar c?» 
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P, = Yaa ER cos 6; — Yas E, Eg cos (62 — $1) governor settings P,,, ete., is greater or less than the 
— Y, E, Ec cos (ġa + ó, — $1) load, but rather in whether the system will pull apart. 
— Y,, E, Ep cos (6, + by + ,— $4) One is interested in the time rate of change of the 


difference in angles between the internal voltages, 


P, = — Ya E, Es cos (+ bz + 1) + Yoo Es? cos Qs i. e., in the time rate of change of ¢,, $,, and ¢,. 


== Y Eg Ec Cos (dy — ds) But 
=z Y,a En Ep cos (dy + $Ó.— $s d. 
P, = — Y, E, Ec cos (+ he + hy + $3) | d QT Az = Ag— A 
— Y, Es Ec cos (by + $2) 
+ Y.. Ec? cos $9 — Yea Ec Ep cos (+ 6.— $e) d? dy —— 
Pa = — Yaa E, Ep cos (62 + by + 6. + Os) d? — pe i (55) 
— Y;, Es En cos (+ by + bs + $9) d ¢ 
— Y.a Ec Ep cos ($, + Qe) + Yaa Ep? cos dio "rs = Q,-— Ac— Qa 
(93) 
In ee the conditions for stable operation at Therefore, 
a given operating point several criteria suggest them- 180 f 180 f 
selves. One of the rotors can be displaced forcibly az = “pw, Esa- pw, Eo 
from its position of equilibrium and the relations j í 
analyzed to determine whether it will return to its orig- 180 f 180 f 
inal position. An inerement of load could be placed -W da TW, Y» E? Cos s 
on the shaft of one unit and the conditions investigated . : 
for stable operation. Another disturbance suggests ts 180f 
itself in decreasing the network load by changing the + ——— [Ya E, Ep cos (62 — $1) 
network constants. The latter two involve a change in 
frequency or governor setting to determine the final + Y: E, Ec cos (fz + by — $3) 
steady state operating conditions. For this reason the + Yaa E, Ep cos ($2 + 6, + 6.— 92] 
change in angular position constituting the disturbing 180 f 
factor will be selected. — [Ya E, Es cos (dz + $1) 


In any machine transient the difference between in- Wi 
put and output power determines the power which + Y, Eg Ec cos (6, — $2) 
must be supplied or absorbed by the rotor and conse- + Y44 Eg Ep cos (6, + 6, — $5) ] (56) 
quently the deceleration or acceleration of the rotor and 


internal voltage. Governors are much too sluggish in i= 180 f 2 180 f Poe 
action to rely upon their action to save the system from We W. 
pulling out and for that reason one can consider the 180f 180 
 inputconstant. So that for constant governor settings " Ex? E 
Poa, Pors Poc, and P,a, and stored mechanical energy WW, Yo Ep? cos bs + —3 — W., Y.. Ec? cos do 
Wa W., W., and W, (in kw. sec. at synchronous speed) 80 
180 f + a7 [Ya Es Es cos ($2 + $1) 


and using the relation a = W AP, the corre- 


+ Y. Ep Ec cos (by — $2) 


sponding accelerations may be written as follows: 
+ You Ep Ep cos (by + 6. — 5) | 


m f 
Qa = du [Poa — P 180f 
T Ww. ba E, Ec COS (dz + Py + ds) 
- 
a = [P,- Pi) JT Y, Es Ec cos (dy te) +Y.¢ Ec Ep cos (6 .— $9)] 
(57) 
180 (54) 180 f 180 f 
Qa, = A [P,. — P] Q: = WwW. p "Wo Pa 
180 180 180 
Qa = 221 [P,a — P4 — T Y.. Ec? cos by + WwW, 29 Yaa Ep? cos $10 
In this T one is not interested as to za f 
whether the system as a whole will accelerate or deceler- + o—RL— [Ya Ea Ec eos (63 + hy + $s) 


ate which is determined by whether the sum of the 
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+ Yoo Es Ec (hy + $2) 
+ Y.a Ec Ep cos (6, — 


Qe) | 
180 
= = = [Yaa Ha Ep cos (6. + by + bs + $y) 


+ Yo i Ep cos (by + $: + dx) 
+ Y.a Ec Ep cos (6, + $9] (58) 
These equations completely determine the oscilla- 
tions between machines for the given circuit conditions, 
voltages, and governor settings. Each expression for 


d dz : ; : 
acceleration oe etc., is a complicated function of the 


de 
angles $,, $,, and $;, which are variable during the 
oscillations. No method is known whereby this type 
of oscillation can be calculated accurately by analytical 
methods. Step-by-step solutions are always possible. 
For small variations from the mean angles the following 
method may be used. 


Ò a. Oz 
Aa = FE bet SO A byt o oz 
Ò ay Ò a, 59 
ed ae Oe a ae aby + oo (59) 
Ò Q: 0a, Ò s 
Bd Sp AG Y Ab tSo Ad, 
Let 
Ò Az Ò ay 0a, 
0o, 7 Gasse eT c 
Ò Qz Ò ay Ò a, 
sp 7* an E pa e (60) 
Ò Qz Ò Qy 0a, 
06,7 396,75" 36,7 
then 
Aa, = K,A¢.+K2A¢,+K3:4¢, 
Aa, = K,4¢.+KsA¢,+ KeA¢, (61) 
Aa,=K,A¢,+KsA¢,+ Ki, Ad, 


If the mean angles during thefoscillations, 7. e., the 
stationary values without oscillations be $;» $,» and 
¢ s and the variations from these values be 0,, 0,, and 
0,, then 


$z = P20 + 0, 
dy = dy + 0, | (62) 
$, = È 20 + 6, ] 
or 
Ads = 0, ) 
A do, = 0 | (63) 
A6, = 0, 


In addition 
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| d$. d: 6, 
Xz = qe de 
ad d? 0 
a Te E TI (64) 
Po, ŒO, 
Oe de di 


Since o, a, and a,, are equal to zero for steady condi- 
tions, 2. e., for 


Pz = z0 
dy = $y 
$: == $ 20 
one may write 
A Qs = Qs 
Ady = ay (65) 
AQ: = Q: 


so that, substituting in the previous equations, (61), 
containing K,, Ko, Ks, etc. 


d? 0, 

igo = Ki 0,+ Ks 0,+ Ks, 

d: 0 (66) - 
"rà = K,0.+ K,0,-- K,0, 

d? 0, 

dt? = K,0,+ Ks, 6,+ K,0, 


These simultaneous differential equations may be solved 
by, letting 


6,=Ae™ 
s = € 


. By substituting in equation (66) 


mWMA=K,A+K,.B+K;3C 

mWB=KkK,A+KB84+ K,C 

mC =K,A+K,.B+K,C 
Rearranging 


B C 
Ks + Ks + (K,— m?)-0 


| es 
) 


C 


(Ks — m?) A TEC =— K, 
K EE K. 2 K 
8 A T ( 977 m?) A = — IM 
From the last two equations 
| x K,, Ke | 
B — Ky, (Ky — m?) 
A | (Ks— m), Kz 
Ks, (Ky — m?) 
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(Ks m m^), t - 


C. _ Ks, e K; 
A ` | (K: — m), Ke 
Ks, (Ks m m?) 

MS B C . 
Substituting these values of TA and -7 in the first 
equation 

— Ky, Ke (Ks — m?), — K, 
K. + K, 
— K,, es m?) Ks, — K; 
(Ks ae m), K, 
+ (K,— m?) . = (69) 
Ks, (Ko T m?) 


Expanded this becomes a bi-cubic equation 
m+tam+bm+c=0 
in which | 
a = — (K, + Ks + Ko) 
b= K, K;+K:ı K+K; K,—K, K,—K; K;—K, Ks 
c = Kı K Ks + K: KV K, + KK,K;— K, Ky Ky 
— K, K; Kı — K; K, K; 
| (71) 


The condition that the system be stable for small 
disturbances such as the displacement of one or more 
rotors from its normal position is that all the roots of 
the cubic in m? be negative. In this case the six roots 
of the bi-cubic equation will be purely imaginary. 
Any disturbance results in an oscillation of constant 
amplitude. The formulas do not take damping into 
eonsideration, but from the physical consideration of 
the problem it is known that the oscillation will be 
damped out by copper losses, etc. If any of the roots 
of the cubic in m? are other than negative real numbers, 


either positive real or complex, one or more of the roots - 


in m will be of the form (r + j s), (r— 3 s) or (r +7 0) 
in which r is positive. This results in a term for 6,, 
0, and 0, of the form A et), A «9! or A e. 
In any case the term increases indefinitely as a func- 
tion of time. 

The condition that all the roots of the cubic in M? 
be real and negative, requires that certain relations 
exist between the coefficients a, b, and c. This relation 
may be investigated by the application of Stürms 
theorem, from which the following conditions are ob- 
tained for the disturbance to be oscillatory, t.e., for the 
system to be stable. 


c>0 
b>0 
ab-—9c>0 (72) 
A—b>0... (ab— 9c) 4a—-— 15ab 4+ 27c) | 
—4b(a@-—3b)?>0 


a—3b<0 
The coefficients a, b, and c, are functions of K,, 
K;, K;, ete. and the latter, functions of the angles 
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$z dy and $,. The K coefficients will next be eval- 
uated. Since (180 f) occurs as a coefficient of each K, 
it may be neglected. In what follows, therefore, the 
term (180 f) will be omitted. 


Ò a. Ya EPLE 
Y,, Ea Ec 
-— yw, 8m (pz + 6, — $s) 
Y,E,E 
- Mg. sin ($: + bu + be $i) 
Ya Ea E | 
FM. sin ($2 + 4) 
Ò o Y. Ha E | 
Ke = yg =- gy, sin be + by ds) 


YDE 
= aA sin (be + by + $.— Pa) 


Ya. Eg E. | 
TM, sin($.- os) 
Y,a Eg E 
+y, sin (by + oe- 42 
Ò Qz Y.a Ea E 
in E doit 
Y,a E E 
tw, T in (os +o- $s) 
Ò ay Y,E,E 
K m$ To Ww, °" sin (dz + $1) 
Y a Ea Ec 
— w, sn (dbz + dy + $s) 
Ò Y,, Eg E 
Ke = 55 = wm ain 2) 
Ysa bs Ep 


—-UN, S sin (6, + 6.— $s) 


pm E, Ec A 
+— y, sin (6. + 6, + $s) 


Yw Es Ec 


W, sin (dy + $2) 


ft Fo DL 
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Ò Qy Yi, Eg Ep . 
K. = 53,“ W, sin ($, + o.— $9 
YeaEcEp . 
TM. sin($.- 49 
0a, Y, Ea Ec . 
Ky =F =~ oW. sin bs + by 3 
YaaE, Ep . 
TOW. sn($.c by +o. + 9 
Ò a, Y, Ea Ec . 
Ka = 5G =~ Ww. no+ by + d) 
Y, Eg Ec . 
= — qw. sin (py + 2) 
Yaa E, Ep . 
+— p, sin (bs + by + Gs + hu) 
d 
Y,, Eg E 
*—ÀW. in (by + 4 + os) 
Oa, Y., Ec Ep. 
Ky = 55 =~ Ww. sin ($.— $9 
Yaa E, Ep "M 
^y, Sin (bs + by + be + 69 
Y; Ep Ep . 
LT. sin (dy + os + $5) 
Y.a Ec Ep . 
+y in (b, + $4) 
Or letting 
Ya Ea Ers . 
A = +y sin (62 + $1) 
Ya Ea EB . | 
B = +y sin($.- $) 
Yi, Eg Ec . | 
C = p sin (by + é:) (73) 
Yi Eg Ec . | 
. D= +r sin (dy — $2) 
Ya. E, Ec " 
E = — w, in (oz + dy + $5) 
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Ya Ea Ec . 
FE = EE CUM SS (be + dy — Ps) 
Y,,EcEp . 
Y.a Ec E 
H = +—— sin (.— $0) 
Yu Es Ep . BC 
IT=+ E sin (py + 6. + os) em 
d tinued 
Y,, Eg E 
J = TP. sin (dy + 6.— 95) 
Y, E,.Ep . 
K = + << sin (6. +¢,+o.+ du) 
Y.E, Eo . . 
L = +—S*™ sin ($.4-5,4-0,- 09 


K;,-D—-F--J-—-L 


K,-J-L 
K,=-A+E | 

K,-C-D4E-J (74) 
K,=H-J 

K,=-E+K 


K,=—-C-E+I1+K | 
K,=G-H+1+K 


THREE-MACHINE PROBLEM 


The criterion for stability for a three-machine prob- 
lem may be obtained almost directly from the results of 
the four-machine problem. The circuit conditions for 
this case are defined completely by the following 
equations. | 

I, = Aaa E, s Ya E, xm X & E. 

I, = — Ys E, + Y» E — Y, E. 

I. ima Y ca E, — Yo E; + Y. E, 
Comparing these equations with those for the four- 
machine problem they will be seen to be identical if 
Yaa = Yoa m Yea = Yaa = Q0. 

The corresponding values for the K constants become 
K i= A ER B D F 


K,-D-F 
K;=0 
K,=-A+E 
K,=0 
K,=-E 
K,=—-C—-E£# 


K, =0. 
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On substitution of these values for the K constants 
in equations (71), they reduce to 


a = — (K, + Ky) 
b = K, K;— K: K; (76) 
c=0 
and since ¢ = 0, equation (70) reduces to 
Mé+aM?+6=0 (77) 


The condition that the roots of this quadratic in M? 
be negative are that 


b»50 
0»0 
(4b 


(78) 


Two-MACHINE PROBLEM 


The results obtained previously for the two-machine 
problem in the body of the paper could have been 
obtained more simply but with probably less clearness 
by letting all the admittance coefficients but Y.a, 
Y», and Y.a» in equations (48) for the four-machine 
problem equal zero. After determining the K constants 
and substituting them in the a, b, and c constants, the 
resultant equation becomes 

v+a=0 (79) 
in which | 


=— K, (80) 


1 
= — Yas E, Ep [ W, sin (Pro + $1) 


1 
B y, sm ($ zo — 


8» | 


or the condition that operation be stable is that 


1 
W, sin (d2o + $1) — a sin (d20— $1) < 0 
or that 
t —1 Wat Wo t 81 
PD x0 < tan- W,-— W., an $i ( ) 


which checks results obtained by the more detailed 
method. 


Appendix IT 


STATIC STABILITY LIMITS WITH LOADS THAT DO NOT 
VARY AS ORDINARY IMPEDANCES 


Induction motors and synchronous motors, driving 
pumps, fans, etc., possess a load characteristic which is 
essentially one of constant shaft torque, or constant 
power; and lamp loads and converters vary as the square 
of the voltage. These loads can always be combined 
so that the composite result shows the variation of 
real power P and reactive power Q with voltage. 


dP d 
The lE and D E for the load may, therefore, be con- 
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sidered known. With fixed internal voltages (magni- 
tude only) at a and b in Fig. 27 and the load at C, what 
is the criterion for system stability? 
The eurrents at the three points a, b, and c are 
connected by the following relations 
I, = Nas E, 5 Yo E, mu Ya: E, 
I, = — Ya E, + Yo, E, — Ys. E. 
I. LM bem E, — Yu E, + Y. E, 
Using the same notation as in the four-machine 
problem, 
P, = — Y, E, Ec cos (62 + dy + 3) 
— Y, Es Ec cos ($, + $2) + Y. E? cos dy (92) 


Qe = + Y.a E, Ec sin (6. + $, + $3) 


+ Ys: Eg Ecsin (dy + 4: — Yee Esin oo (93) 
Let 
bz: = da + 0. 
by = $yo + 0, 
E, = Eao + ee 
P =Pi+p 
Q=Q+4 


In which the terms with the zero subscript represents 


Ea Eb 
I* ip 


Ic 
Load. 


Fia. 27 


the mean values and the other term the variations for 
small oscillations. 


For small values of 0,, 0,, and e, 
o P. o P. o P, 
AP =) = FF 0, + 0 by 0, + DE, * 
= + Ya E, Ec sin (20 + hyo + 93) . 0, 
+ [+ Ya. E, E. sin (dco + yo + $3) 
+ Y, Es Ec sin (yo + $2) ]. 0, 
+ [— Y. Ea cos (ózo + yo + $s) 


— Yu Ep Cos (yo + 2) + 2 Y Ec cos Po] €, 
(95) 


(94) 


or 
= C, 6.+C, 0, + Cs € (96) 


Similarly 
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ORe DRQ OQ. 
= + Y. Ea is cos (@zo + K + os). hs. 
+ [Yea E, Ec COS ($zo + yo + ds) 
+ Yi. Es Ec cos (y + G2) ]. 0, 
+ [Yeo E, sin (zo + P yo + bs) 
+ Y, Es sin (ġo + $2) — 2 Y. Ec sin Ge] es (98) 
or 
= C, 0. -+ C; 0, -+ C, €. (99) 
But p and q are also equal to: 
d P, : 
D--JE '* (100) 
d Q. 
q = "dE, . €, (101) 
So that 
d P, 
d E, e, = Ci 0. + C; 0, + C; €. (102) 
d Q. 
2t e, = C, 0. -+ C; 0, + C, €. (103) 
or. 
| Ci 0. + C; 0, + C4 €, = 0 (104) 
Ci 6. + C; 0, + Cs e, = 0 (105) 
Solving these equations for 0, and e. 
C4, C, — C: Cs 
0, —- + CC. — 6, C; 0. (106) 
C, C; — C Ca 
e = OCIO Ose, "* on 


Equation (56) under the discussion of the four-machine 
problem gives the relation for o, applicable to this 
problem. For small variations in 0,, 0,, and e. 


B Ò Qz 0 Oo, 6, E23 108 
Oz — Ó $z z pet ò hy a um d Ec €. ( ) 
= Co 0, + Cio 0, +- Cy €, (109) 


Substituting the above values of 0, and e, from equa- 
tions (106) and (107) in equation (109) 

C, C; — C1 Cs 
Qs = [ Co -- Co C, nem C; C; 


C, C; — Ce C, 
+ Cu GG, — aue. | 0. 


Cy (C5 Cs — Cs Cr) + Cro (Cy C7 — Ci Ca) 
+ C1 (C1 Cs — C$ C4) 0 
C; C; — C$ Cs Em 


(110) 
As long as the coefficient of 0, is negative the system is 


Os = 
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stable. The limit will occur when it is equal to zero. 
Since the denominator can never equal infinity the 
limit occurs when 


Cy (Cs Cs — Cs Cr) + Cio (C4 C; — C1 Ca) 


+ Ciu (Ci Cs —- 0620) = 0 (111) 
Resumé of coefficients: 
Ci = Y Ea Ec sin (Qao + P yo + ds) 
C2 = Yas E, Ec sin (z0 + P yo + ds) 
+ Y Es Ec sin (yo + 2) 
C, m bm E. Ec COS (zo + Qvo + ds) 
C; = Vas Ea Ec COS ($zo + $yo + ds) 
+ Y, Es Ec cos (yo + $3) 
d P, 
Cr = Ci — 7E, 
= Ya E, COS (zo + Qvo + ds) 
d P, 
— Y, Ep cos (hyo + be) + 2 Y, Ec cos $9 — CIE. 
P. d P. 
EA + Yee Ec cos by 5 E, 
dQ. 
= Y., E, sin ($2; + Gyo + Os) - 
d Q. 
+ Yue Bo sin (yo à) — 2 Yur Eo sin do — p 
= Re — Ys Ec sin Po = Lt 
Y, : 
C, = EN EA Eg sın (Ozo — 1) 
Y, 
—W. Ea Ec sin (so + hyo — $s) 
Ya è 
+ W E, Eg sin ($2o + $1) 
b 
Ya . , 
Cio = — W. E, Ec sin ($2 + Gyo — $s) 
Ys 
+ E778 Eg Ec sin (ġo — $3) 
b 
Y. 
Cu = W E, cos (dio + $yo — 3) 


Ye 
- W, Es cos (hy — 
Stability limits were calculated for systems whose 
load characteristics are represented by the full lines in 
Fig. 7. These results were compared with similar 


Q2) 


120 


calculations assuming the load characteristics were 
those of a constant shunt admittance as represented by 
the dotted line on the same figure. The first case 
investigated consisted of a simplified system form 
of the system in which the impedance connecting 
a and b is infinite, that connecting b and c (0+ 7 
100) ohms and that connecting a and c (0 + j 200) 
ohms. Voltage was assumed to be maintained at 220 
kv. at a and atc. Calculations were made for a large 
range of loads both positive and negative at b and the 
results showed an extremely close agreement for stabil- 
ity limits for the two types of load characteristics, 
varying not more than 5 per cent for the extreme case. 
In addition similar calculations were made for a practi- 
eal case in which line resistance and charging current 
were taken into consideration. The results indicated 
the same close agreement, from which it may be con- 
. cluded that for all static stability calculations loads not 
eontaining large synchronous machines may be repre- 
sented by shunt admittances of equivalent kv-a. 


Appendix III 
DERIVATION OF ACCELERATION EQUATION 


|. 180f 
SE ^. 


AP 


Let 

a = Acceleration 

T = Torque | 
I Moment of Inertia 
E = Stored energy 
P 

Q) 

Í 


= Instantaneous power 
= Angular velocity 
= Frequency 

In c. g. s. units 


Since 


1 
* w? I = Stored energy at any instant and 


T w 


Instantaneous power = P 


a= Sr in mechanical rad. per sec. per sec. 

To this point a and w have been expressed in me- 
chanical radians. These may be converted to elec- 
trical radians by dividing both sides of the equation by 
the number of poles. But since these will cancel out 
the above expression is also true for œ and w expressed 
in electrical radians. Since 
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w = Angular vel. in electrical rad. per sec. 
=2nf 
2 T f 360 
2T 


360 f degrees per sec. 


Therefore 


a — —g P electrical degrees per sec. per sec. 

This expression is rigorously true using instantan- 
eous values during a disturbance. A good approxi- 
mation is to assume f and E constant and letting « 
vary only with P. For a 60 cycle system having a 
natural period of one second in which the total swing is 
60 degrees the maximum error using this approximation 
is about 1 per cent. l 

For statie stabilty calculations, however, since the 
departure from synchronism is inappreciable, the error 
introduced by this assumption is also inappreciable. 


In the above formula if E is expressed in watt-sec., 
P should be expressed in watts and if E is expressed in 
kilowatt-sec., P should be expressed in kilowatts. 


Conversion formula for E 
Ein uw. sec. = 2.3 (W R?) (R. P. M)? X 107 
_ (W R?) expressed in lb. ft.? 
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Discussion 

F. E. Terman: An illustration that indicates the thorough- 
ness of the authors of this paper is their discovery of the fallacy 
of the classical belief that the maximum angle of stable operation 
of a network is the angle of maximum power of transmission. 
In reality the angle is a little greater, permitting stable operation 
slightly beyond the point of maximum power. The difference 
between the old and the correct belief is not great, but its dis- 
covery was a real achievement. 

One of the most uncertain factors in stability computations is 
the characteristic of the load under change of voltage. Some 
investigators have assumed a load that drew constant power and 
reactive power as the load voltage changed (approximated by a 
motor load), while others have assumed that the load was such 
as to maintain the load voltage constant at all times (equivalent 
to assuming a receiving synchronous condenser of infinite 
capacity.) The former assumption gives computed results 
worse than are actually to be expected, and the latter leads to an 
optimistic result, considerably better than can be realized in 
practise. The actual load is one that allows the voltage to drop 
during disturbances, and as the voltage drops, the power demands 
of the load become less, and the power factor of the load improves. 
The power does not drop as fast as it would with a load consisting 
of an admittance of constant value, so that the admittance-load 
characteristic used by the authors is a correct assumption only 
in so far as the improvement of the power factor of the actual 
load can be considered as off-setting the less favorable power 
characteristic of the real load. When the voltage fluctuation is 
small it is likely that a constant-admittance load would give 
about the same result as a practical load, but for large fluctua- 
tions, as 25 per cent, this almost certainly would not be the case. 

Actually, we don’t know much regarding the reactive and real 
power drawn by the load when the voltage is suddenly changed. 
I should like to see some of the power people make tests, such as 
dropping the voltage at a distributing center first by 5 per cent, 
then 10 per cent, and so on, noting the change of power and power 
factor caused by each drop. Such information would be in- 
valuable for stability studies, and could be obtained without 
creating an appreciable disturbance to service. At present 
we can get correct results for the conditions assumed, but we 
have very little idea how correct our assumptions are. 

In applying the results of the paper to present transmission 
practise several points must be kept in mind. The results pre- 
sented in Fig. 21, giving the effect of a midpoint condenser on 
the power limits neglect charging current, which is an important 
factor on lines over 200 mi. in length. In interpreting this figure, 
one must also remember that it is only the lower curves that apply 
to ordinary conditions. This is because the ratio of voltage at 
the midpoint of the line to the internal voltage of the generator 
(not terminal voltage) is normally less than unity. Boosting 
the midpoint voltage abnormally high by the use of a condenser 
is in effect increasing the average transmission voltage and this 
will obviously raise the power limit. The intermediate condenser 
when used to make the midpoint voltage higher than the terminal 
voltages will give the large increase in power limit shown by Fig. 
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21 in the upper curves, but this is gained at the expense of a 
poor voltage distribution along the line, and in a large measure 
could be obtained by the alternative method of omitting the 
condenser and raising the terminal voltages a little, thus keeping 
a flat voltage distribution. Such a flat distribution would not 
put as high a voltage on the midpoint of the line as would be 
present when the synchronous condensers were used. 

Figs. 22 and 23 have been computed for an actual transmission 
line that has charging current, and indicate that a large inter- 
mediate condenser is required to raise the stability limit very 
much. An ordinary condenser has around 100 per cent syn- 
chronous reactance (i. e., sustained short-circuit current equals 
full-load current). On the basis of this, the curve marked 100 
per cent reactance represents an installed capacity of 100,000 
kv-a. and the 25 per cent reactance curve represents 400,000- 
kv-a. installed capacity. An inspection of Figs. 22 and 23 
indicates that an intermediate condenser in the order of hundreds 
of thousands of kv-a. is required to give large inereases in the 
power that can be transmitted over the line. 

Even with the use of large condensers, the gains that could be 
expected on an actual transmission system would be much less 
than indicated in Figs. 22 and 23 because these figures are based 
on the assumption of infinite-capacity bus at the receiver. An 
infinite bus is one which will keep its voltage absolutely constant 
during all kinds of system troubles, and no actual bus comes 
anywhere near being an infinite bus. Dr. Bush and Mr. Booth! 
made some computations which showed that condenser equip- 
ment giving about 40 per cent increase in limit under the assump- 
tion of infinite bus at the receiver, would give less than half 
of this gain in power limit with a finite bus approaching ordinary 
characteristics. There is a large difference between the actual 
finite bus and the theoretical infinite bus of the curves. 


To sum up the situation, it is evident that this paper indicates 
that the increase of power limit that can be obtained by the use 
of intermediate synchronous condensers of usual characteristics 
is small unless the intermediate condenser has a capacity of at 
least 100,000 kv-a. and preferably two to four times this amount. 
Using standard condensers of 400,000 kv-a. capacity the increase 
in power limits with a finite receiver bus would probably be less 
than 40 per cent. 

This is a discouragingly small gain for the price it costs. It 
seems that in all probability the next step lies in the development 
of low-impedance condensers used in conjunction with quick- 
excitation systems. A 100,000-kv-a. condenser having 10 per 
cent leakage reactance with an instantaneously acting exciting 
system would give the same increase of limits as a 1,000,000-kv-a. 
condenser of present standard type with the usual excitation 
speed. Such a condenser at the midpoint, with another at the 
receiving bus, would do wonders toward increasing the power 
limit of a transmission system. A condenser of this type at the 
receiver would give the practical equivalent of an infinite bus, 
and one at the midpoint would be substantially equivalent to a 
condenser of zero reactance. Fig. 23 shows that the gains would 
be very substantial. 

R. D. Evans: With reference to Dr. Terman’s discussion 
regarding the maximum angle for which systems are stable we 
did not wish to emphasize the point unduly because for commer- 
cial systems the increase is not very marked. However, when 
several synchronous machines are being considered it is very 
important to have the right type of limit. In this connection 
it may be observed that the maximum delivered power will in 
general occur for an angle less than the maximum stable angle; 
so that for practical calculations of power systems, the methods 
commonly in use are, according to our views, correct. 

With respect to the discussion on the characteristics of the 
loads, we feel considerably more optimistic than Dr. Terman. 
We have made tests on our shop system in order to determine the 
variation of real power and reactive power for changes in the 
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supply voltage and have found that the methods deseribed in 
the paper apply. Also we have taken & number of power- 
eompany systems and segregated the load into relatively small 
units and studied their characteristics. We have found their 
variation of real power and reactive power with respect to voltage 
and combined them, and obtained the results described in Figs. 6 
and 7. Finally, we have taken a static load, one of constant 
impedance, and analyzed it from a theoretical standpoint, con- 
sidering the variation in real power and reactive power, with 
angle and voltage as worked out in Appendix II of the paper. 
For these conditions also the check was very good. Of course 
all who are interested in the theoretical calculations would wel- 
come any kind of test which would give the fundamental experi- 
mental data on this subject. 

With respect to the curves showing the increase in power, I 
wish to emphasize the point, that the curves have been plotted 
on & conservative basis. For example, the condensers were not 
located at the theoretically most advantageous point, but were 
placed at the middle of the line regardless of the effect of the 
terminal equipment. The curves for 220 kv. and 110 kv., 
plotted in Figs. 15 and 18, are based on constant voltage on the 
high-voltage side, and no attempt was made to take advantage of 
any over-voltage. 

There is another phase of this problem with respect to the 
static limits, which is important. The method and calculations 
as presented apply directly only to the limits that obtain with 
fixed excitation of the machines. It has been demonstrated 
that quick-response excitation systems under the control of 
suitable regulators will increase the loads which can be carried. 
This was first pointed out by E. B. Shand and first experimentally 
verified during 1925 by the authors of the present paper. We 
wish to make it clear that we have not included in the figures 
given in this paper any advantage which will accrue as a result of 
quick-response excitation systems. 


P. L. Alder: There are two points in this paper that I wish to 
discuss. In the first place, the authors have concluded that 
under certain conditions, stability of a transmission line can be 
maintained beyond the impedance angle, and the exact limiting 
angle up to which stability can be maintained, depends upon the 
relative inertias of the sending and receiving-end machines. 

This conclusion seems to be unreasonable, as the static stability 
limit is reached when the machines pull out of step so slowly that 
inertia effects should be negligible. What the authors have 
shown is that when the angle of maximum power is reached, 
and passed, the motor begins to slow down, the line current 
increases, and the generator also slows down until such time as 
the governor of the generator prime mover operates. If the 
generator inertia is sufficiently small, it will obviously retard 
faster than the motor, and the two ends of the line will stay in 
step at first. On the ninth page, the authors say—‘‘The system 
as a whole will retard, reducing the frequency, but this will be 
taken care of by the automatic governors.” 

The fallacy in saying that the machines are stable beyond the 
angle of maximum power, lies in the assumption that the governor 
is able to reaccelerate the motor after it once has begun to slow 
down. What actually happens is that the motor and generator 
retard together until they have acquired an appreciably lower 
velocity than normal, and then the governor feeds more power 
to the prime mover, and the system breaks apart, The ad- 
ditional power reaccelerates the generator, and supplies ad- 
ditional power to the line, but this extra power is dissipated in 
extra copper losses, and the actual power received by the motor 
decreases. As the motor will not reaccelerate until it receives 
more than the power it had when it went out of step, and as it is 
impossible for the line to deliver more than the amount of power 
{t did when the motor began to slow down, the motor can never 
be restored to speed, and so the system is unstable. 


Thus, the authors have shown that when a system becomes 
unstable, the sending and receiving ends may stay in step while 


retarding up to the time the governor operates, instead of falling 
out of step immediately, as might have been thought. This 
conclusion is interesting, but is of no practical importance. 
The second point that I should like to bring out is the matter 
of the additional condenser capacity required in order to secure a 
given additional amount of power over a transmission line. 
This ratio of additional kv-a. of installed condenser capacity to 
additional kw. output obtainable is the fundamental factor that 
determines whether the scheme of an intermediate condenser 
station is or is not of practical economic importance. 
. Fig. 21 of the paper presents curves showing the additional 
percentage output obtainable by using intermediate condensers, 
assuming a transmission line without resistance and without 
charging current. On this ideal basis they show that about 50 
per cent additional kw. can be sent over a line by this means, 


on the basis of the reasonable values of = = 0.9, and 
A . 


Zc 
Zr 
I calculate that this result is obtained by adding 200 per cent of 
the original line capacity in condensers. Or, in order to obtain 
each kilowatt of additional line capacity, it is necessary to add 
4 kw. of condenser capacity. Under the different assumptions 
used in Fig. 22, approximately the same ratio is shown. Here, 
the authors have assumed: no line losses, an infinite bus at the 
receiver, a very low generator reactance, and they have not 
stated clearly how they allowed for the important effects of the 
line charging currents. 

Thus, the results of the paper indicate that under practical 
conditions it will be necessary to install much more than four 
times as much condenser capacity as there is obtained additional 
line capacity; and so it does not appear that the scheme of the 
intermediate condenser station is of great economic value at the 
present time. 

In spite of my feelings that the results they have obtained are 
not of immediate practical importance, I feel that the authors 
have performed a great deal of useful work in their study of 
this important problem, and that their paper will be of great value 
as a basis for further study. 

R. D. Evans: The question of the limiting stable angle is 
quite involved. The criterion selected was that the system be 
forcibly displaced slightly from the normal condition for which 
the mathematical solution of the voltage, power, and circuit 
conditions were satisfied. In order to determine whether or 
not the system pulls out at that point one must consider the 
transient and on account of the inertia and electrical loads one 
end tends to move more rapidly than the other. The possibility 
concerning which Mr. Alger is doubtful (if I understand him 
correctly), is the fact that if the angle is increased slightly the 
machine that is leading may tend to slow down more rapidly, 
and therefore to stay in step. 

Concerning the question as to the effect of the governor, 
it is necessary only to point out that when the angle is decreased, 
more power can be transmitted. 

With respect to the second point brought out by Mr. Alger, 
the amount of condenser kv-a. that has to be added to a system 
to increase the amount of power which can be transmitted, I do 
not know the exact basis used for his computations. If one 
considers the case of a system operating close to the static limit 
without a condenser and the ratio of the increase in reactive 
power to the increase in real power and then compares the 
corresponding conditions with a condenser operating near the 
static limit, it is true that one will obtain a relatively large 
increase of reactive kv-a. for each kilowatt increase. 

The practical condition, however, is this: the system will be 
operated appreciably below static limit and under these con- 
ditions the increase in condenser capacity for each kilowatt of 
increased power which can be transmitted is not nearly so large 


= 0.6. From equation (42), and the other data given, 
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as indicated by Mr. Alger. Furthermore, the total magnetizing 
kv-a. required by the system is actually less when supplied by 
machines which are distributed than when all condensers are at 
the receiving end. If the means for supplying reactive kv-a. 
are distributed an increase in the power limit is secured. So, for 
the practical conditions one can increase the power transmitted 
and.also increase the margin of stability and thus arrive at the 
best compromise as to the increase of condenser capacity on the 
system and the amount of power to be transmitted, and in no 
event will one closely approach the static limits. 

R. W. Mackey: (communicated after adjournment) The 
paper by Messrs. Wagner and Evans covers the cases of the static 
stability limits of straight-line transmission with one or two 
intermediate condenser stations, but where the system is more 
complicated or in the form of a network with condenser stations 
distributed on the network the mathematical method becomes 
cumbersome and practically impossible of solution. . 

The ease I have in mind is the 220-kv. interconnection now 
being carried out in the east between the Philadelphia Electric 
Company, The Pennsylvania Power & Light Company, and the 
Public Service Gas & Electric Company of New Jersey. 

During the last four months we have developed the mechanical 
model demonstrated by Mr. Evans for application to the quanti- 
tative solution of such complicated systems. | 

In the above case we were more concerned with the transient 
stability under short circuit and worst switching conditions than 
anything else but our solution also gave information as to static 
conditions. 

I should like to elaborate on the methods used but this whole 
investigation is being prepared in the form of a paper to be 
presented by Messrs. Bergvall and Robinson. 

At this time I mention this as it may be of interest for members 
to know that we are tackling the more complicated systems and 
expect to obtain great help from the analogous synchronous 
mechanical system. 

C.F. Wagner: Dr. Terman's remarks regarding the increase 
in power occasioned by the use of an intermediate condenser 
station are substantially correct and in accord with our point of 
view. We concur with his remarks regarding the desirability of 
low-reactance condensers and quick-response excitation. In 
interpreting the curves showing the improvement on actual power 
systems, several facts must be born in mind. These results show 
the static limit of lines in which the amount of copper was 
dictated by loads considerably below the static limit, that is, 
for loads determined by the transient limit. If the static limit 
were determining, larger conductors would have been chosen for 
the line without condensers and still larger conductors for the 
line with condensers. A comparison under these conditions, 
paying due regard to the increased financial burden occasioned 
by larger conductors, would have been much more favorable 
for the intermediate condenser. 

Mr. Alger questions our ideas regarding the limiting angle and 
states that our conclusions seem unreasonable to him. He 
cannot agree that the inertia has anything at all to do with the 
maximum angle at which the system can operate. Perhaps a 
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discussion of a simple system consisting of a synchronous genera- 
tor and synchronous motor with a connecting impedance in which 
the resistance is equal to the combined reactance of the line 
and machines, may clear this point. For the first case let 
the inertia of the generator be extremely large and the inertia 
of the motor, small. This corresponds to a small motor con- 
nected to a large system through an impedance. It is evident 
then that no action of the motor will be reflected in the main 
system. The power input into the motor will then increase until 
the angle reaches 45 deg., beyond which it will decrease. The 
limiting angle in this case is equal to the impedance angle. This 
is the more familiar arrangement and one from which the idea 
that the angle could not exceed the impedance angle was prob- 
ably derived, but conclusions drawn from this illustration cannot 
be applied indiscriminately to other cases, Consider now that 
this synchronous motor is acting as a generator and is feeding 
power into the large system through such an impedance. Again, 
any phenomena in the generator will have an inappreciable 
effect upon the large system, whether it be voltage change or 
change in phase position of the rotors. With increasing angle 
the power input into the system will increase until an angle of 
45 deg. is reached, beyond which the power will decrease. But 
what oceurs to the output of the generator? This increases 
continuously even beyond 45 deg., reaching a maximum at 135 
deg. While the input into the system decreases beyond 45 deg. - 
the increase in copper loss is more than enough to overcome the 
decrease in system input. Now the generator responds, not to 
input into the system, but to its output. The system will be 
stable up to an angle at which an increase in angle no longer 
produces an increase in output, which in this case is 135 deg. 

It is hoped that this discussion will make more lucid our 
conception of what occurs when the limiting angle is reached. 
While this discussion considered only limiting cases in which the 
inertia of one of the machines was extremely large it should 
be clear that for machines with more nearly equal inertias the 
difference in operation is one of degree only. These ideas have 
been verified by shop tests in which, citing from random, we have 
been able to obtain angles as large as 140 deg. No particular 
effort has been made to obtain larger angles. 

I am at a loss to understand Mr. Alger’s criticism of Fig. 22, 
when he states that no line losses were included in the caleula- 
tions and we had not clearly stated how we had ''allowed for the 
important effects of the line charging currents.” The develop- 
ment of the formulas presented in the paper were premised on the 
most general type of circuit including both lumped and dis- 
tributed constants. The general form of the equations are given 
in equations (1) and particular reference was made to distributed 
constants in the paragraph preceding equations (3). Mr. Alger’s 
remarks regarding the efficacy of condensers should be tempered 
by the same considerations mentioned in the discussion of Dr. 
Terman and our reply. We do not agree with Mr. Alger that the 
scheme of the intermediate condenser station is not of great 
economic value at the present time, but on the contrary see 
wonderful possibility in its utility for the transmission of large 
bloeks of power over great distances. 


Synchronous Condensers 
BY P. L. ALGER! 


Member, A. I. E. E. 


Synopsis.— The paper reviews the general characteristics of large 
synchronous condensers, with particular reference to the possibilities 
of greater standardization in condenser specifications. Particular 
emphasis is placed on the question of the ratio of lagging to leading 
kv-a. capacity, and it is concluded that about 50 per cent lagging 
capacity is normal, while any important increase in this ratio 
requires special design of greater size and cost. Attention is 


I. OBJECT OF PAPER 


HE large amounts of leading kv-a. required by 
modern power systems are most economically 
provided by means of synchronous condensers, 
and so the numbers and unit sizes of these machines 
have steadily increased in recent years. Thus, in 1925 
two 40,000-kv-a., and this year the first of three 50,000- 
kv-a. condensers were placed in service on the Pacific 
. Coast, while upwards of 35 others of sizes above 1000 
kv-a. were built in the United States during 1926. 
Their continually increasing importance makes it de- 
sirable to simplify and standardize specifications for 
them as much as possible by eliminating unnecessary 
restrictions on their design. This paper is devoted to 
the description of some of these possibilities, and to the 
review of present practises in condenser design. 


II. PRINCIPAL 
| CONDENSERS: 


The outstanding advantage of the synchronous con- 
denser from an operating point of view, as compared 
with other means of supplying corrective kv-a., is the 
flexibility of its control. Once the machine is con- 
nected to the system, the reactive kv-a. it supplies can 
be varied continuously over the entire range from 50 
per cent or more lagging to full leading kv-a., by simple 
adjustment of its field current. The adjustment can 
readily be made fully automatie, and so any desired 
condition, such as constancy of voltage or of power fac- 
tor at a given point on the system, can be maintained. 
This ease of adjustment also enables machines of very 
large size to be put on or taken off the system without 
appreciable disturbance. Thus, the economie advan- 
tages of large sizes can be fully realized with syn- 
chronous condensers. 

Also, from the manufacturer’s point of view, the syn- 
chronous condenser has an outstanding advantage over 
other rotating machines due to the fact that it neither 
drives nor is driven by any other apparatus. This 
permits a single, most economical, speed to be used for 
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CHARACTERISTICS OF SYNCHRONOUS 


called to the advantage to be gained by the use of reactors in place of 
such oversized condensers, where extra lagging capacity is needed. 
Separate sections of the paper are devoted to starting and stability 
characteristics, and to recent improvements in the design of 
synchronous condensers. Finally, the use of asynchronous 


condensers is discussed and found to be undesirable. 
* * * * * 


any givensize, which, in turn, greatly helps standardiza- 
tion. Besides, the torque required being merely that 
to hold the rotor in step, the usual stability limitations 
of synchronous machines are lifted, and consequently 
very high current loadings can be employed. All these 
things contribute to the attainment of low costs. On 
the other hand, the low initial cost of the condenser 
itself and the small amount of associated equipment 
required combine to make the operating cost of the 
power losses an abnormally high proportion of the 
whole. On this account, special emphasis is placed 
on the attainment of low losses in synchronous con- 
densers, and this factor tends to increase the initial 
cost. 


POSSIBILITIES OF STANDARDIZATION 
OF CONDENSER DESIGN 


Ideal conditions for standardization combined with 
progress, exist when specifications are so drawn as to 
impose the least possible number of fixed requirements, 
and when contracts are awarded on the basis of the best 
performance on the non-fixed requirements. In this 
way, each manufacturer is given maximum freedom for 
the use of his available developments and for the play of 
his initiative. When more requirements than thoseabso- 
lutely necessary are laid down, all manufacturers are 
forced to do some things in the same way, with conse- 
quent inconvenience and increased developmental costs 
forsome of them. Synchronous condensers much more 
nearly approach this ideal condition than most other 
types of rotating machines, and yet it seems that fur- 
ther progress in this direction can be made. 

Aside from the restrictions imposed by the system 
frequency and by the method of rating employed, there 
are four variables that the purchaser may specify in 
describing a synchronous condenser. These are: 

1. Leading kv-a. capacity, or rating, 

2. Number of poles, or speed, 

3. Voltage, 

4. Ratio of lagging to leading kv-a. capacity. 

The first of these is the fundamental variable that 
determines the size of the machine, so that the only 
possibility of standardization here is in the limitation 
of the number of ratings called for. Present practise 
in this respect is quite satisfactory, as the list of usual 
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ratings given in the first column of Table I has incre- 
ments of at least 20 per cent, and intermediate ratings 
are seldom called for. 

It is not desirable for the purchaser to specify the 
speed, as this limits the manufacturer’s possibilities, and 
usually handicaps one more than another. The natural 
desire to improve his designs, and the economic urge of 
competition will cause each manufacturer to select the 
most economical speed for each machine, and the ulti- 
mate user has, therefore, nothing to gain by insisting 
on any particular value for it. As high-speed machines 
are lighter and more efficient than low-speed machines 
up to the points at which mechanical stresses and wind- 
age losses become limiting, it follows that synchronous 
condensers are normally built for high speeds. At the 
present time the speeds listed in Table I are customary, 
but the ratings at which the speed is changed vary 
slightly among different manufacturers. Usually, 
machines are guaranteed for 25 per cent overspeed. 

Sometimes condensers are placed in substations in 
residential districts where quiet operation is essential, 
and this has been thought to require machines of lower 
than standard speeds. However, it is possible to so 
enclose a high-speed condenser as to make it satis- 
factorily quiet at less cost, and with better performance 
than can be obtained by using a speed below standard. 


ee TABLE I 
MOST ECONOMICAL SPEEDS AND VOLTAGES OF LARGE 
SYNCHRONOUS CONDENSERS 


Kv-a rating 60 cycle, r. p. m. Voltage 
500 1,200 2,400/4.150 
750 1,200 2,400/4,150 

1,000 1,200 2,400/4,150 
1,500 1,200 2,400/4,150 
2,000 900 2,400/4,150 
3,000 900 2,400/4.150 
4,000 900 2,400/4.150 
5,000 900 6,900 or 11,500 
7,500 900 6,900 or 11,500 
10,000 6,900 or 11,500 
15,000 720 or 900 11,500 or 13,800 
20,000 720 11,500 or 13.800 
25,000 600 or 720 11,500 or 13,800 
30,000 13,800 
40,000 600 13,800 
50,000 600 13,800 


For large sizes, it is often economical to use a com- 
pletely closed system of ventilation with water coolers, 
as described in section VIII. If this is not desired, it is 
still possible to reduce the noise to a very small amount 
by using a standard enclosed machine with the addition 
of an air discharge chimney on top. Felt covered 
baffles can be so placed in this chimney as to practically 
eliminate the high pitched part of the noise without 
impeding the air flow to an important extent. 

The voltage situation is not so simple as that of the 
speed, as there are so many different system voltages 
employed. However, the recent conferences on the 
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subject, at New York and Niagara Falls (culminating 
in the new N. E. L. A. table of preferred standard volt- 
ages), give promise of some improvement. Also, as 
synchronous condensers are frequently provided with 
their own transformers or are fed from special tertiary 
transformer windings, it is often possible to choose the 
voltage that gives the most economical design. If the 
condenser voltage is too high, excessive insulation costs, 
and extra losses due to the large slots required will 
result; while if it is too low, excessive costs for the high 
current-carrying capacity and extra losses due to eddy 
currents in the massive conductors will arise. Hence, 
there is à most economical voltage for every rating, 
values of which are indicated in the third column of 
Table I. | | 

In practise, the eost advantages of standardization 
are greater than those secured by selecting the ideally 
correct voltage, so that only the standard voltages 
nearest the ideal value are given in the table. It is 
customary to make the smaller machines suitable for 
either Y or delta connection. 

The remaining variable is the ratio of lagging to 
leading kv-a. capacity. When a condenser is to be 
used solely for power-factor correction, to compensate 
for the lagging kv-a. of an industrial load, the lagging 
kv-a. capacity is of no direct interest, and so, in these 
cases, it is rightly left for the manufacturer to settle. 
As a value of the ratio not far from 0.5 gives the most 
economical design for leading power-factor operation, 
this is the value characteristic of most standard con- 
densers. However, when condensers are to be used for 
voltage regulation, a considerable lagging kv-a. capac- : 
ity is useful to hold the voltage down at light loads, 
and so, purchasers frequently specify à value of unity 
for this ratio. This imposes a considerable handicap 
on the designer and requires a special machine so that 
it is desirable to find some other way to obtain the 
desired results. It is worth while to study this question 
at some length, so the effects on design of varying this 
lag/lead ratio will first be described, and then methods 
of securing the desired operating results with normal 


condensers will be considered. 


IV. LAGGING Kv-A. CAPACITY SECURED BY CHANGES 
IN CONDENSER DESIGN 


The line current of a synchronous condenser is always 
equal to the difference between the voltage induced by 
its field and the impressed voltage divided by its syn- 
chronous reactance and corrected for saturation. 
Over-excitation of the field produces a leading current, 
and under-excitation produces a lagging current. The 
maximum possible lagging current occurs with zero — 
field current, and is therefore equal to the line voltage 
divided by the synchronous reactance. While stable 
operation with a small reversed field excitation is 
possible, the trouble of providing for this reversal and 
the attendant increased likelihood of the condenser’s 
falling out of synchronism make it inadvisable. For 
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our purposes, therefore, the ratio of maximum lagging 
to normal leading kv-a. capacity of a synchronous con- 
denser may be taken equal to the reciprocal of the per 
cent synchronous reactance, or to: 
Per cent maximum lagging kv-a. = ae =100Y, (1) 

As lagging kv-a. are supplied when the field is under- 
excited, under this condition, the saturation of the 
magnetic circuit is slight and may be neglected. On the 
other hand, the leading kv-a. are supplied when the field 
is over-excited, a condition in which saturation of the 
magnetic circuit is pronounced. 

If the ratio of the actual field excitation to the no- 
load air-gap excitation is represented by F', the per cent 
leading kv-a. is determined by the equation: 


Per cent leading kv-a. < 100 (F — 1) Y, (2) 


nae 
Per cent (Leading & Lagging) Kv-a | TT 
i Actua 


[9 
> 
o 


Ee 
Soo ge EET 
BERAS BEBRBRBR 
ELLAS _t tt 


3 


(100 Per cent = 7500 kv-a.) 
S 
ist tT TT ET TE ETE ET TE ET LTT TT 


RAVER ERE 
LNA 


E 


KV-A. IN PER CENT OF NORMAL 
LERELETITLITILLITITIETITITIIIIDILIqTILDBELLLÀ 


08 2 16 20 

V LAGGING/LEADING KV-A. 

Fig. 1—RELATIVE LEADING AND Lacana Kv-A. CAPACITIES 

or A 7500-Kv-a., 900-Rev. Per Min. SwNcHRoNous Con- 
DENSER WITH VARYING ÅIR-GQGAP LENGTHS 


Without saturation, the inequality sign becomes an 
equality sign, so that (2) reduces to (1), if F is made 
equal to zero. Adding (1) and (2), the sum of the lead- 
ing and lagging kv-a. is found to be, 


Per cent (leading + lagging kv-a.) « 100 F Y, 


rated field current 3 
S. C. field current (3) 


Equation (3) indicates that the sum of the leading 
and lagging kv-a. capacities of a given machine is 
nearly independent of the no-load excitation. At full 
leading kv-a., (2) becomes equal to umty, so that the 
relation between F and Y, is found to be, 


= 100 


No-load air-gap field current B 1 Y. d 
Full-load field current =r S] + Y, (4) 


Equations (1), (2), and (3) are plotted in Fig. 1 as 
functions of Y,. The dotted curves show the ideal 
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conditions in the absence of saturation, while the solid 
curves show the actual. conditions for a particular 
7500-kv-a., 900-rev. per. min. condenser with different 
lengths of air-gap but with constant field excitation. 
The figure clearly indicates the sacrifice in leading kv-a. 
capacity necessary to secure greater lagging kv-a. If, 
instead of merely varying the air-gap, keeping the same 
stator, the entire design is changed always to keep the 
current carrying capacity of the stator winding just 
adequate for the maximum kv-a., slightly greater out- 
put can be obtained. For example, at a 100 per cent 
ratio of lagging toleading kv-a., a complete redesign will 
enable 83 per cent of normal leading kv-a. to be ob- 
tained as compared with only 75 per cent when the air- 
gap alone is changed. The more extensive changes, 
however, make the machine more special and require 
additional developmental charges, so that they are not 
always of economic advantage. 

These results may be summarized by the statement 
that a synchronous condenser of a given size and cost 
may be designed to give any one of the four following 
combinations of leading and lagging kv-a. capacities: 


Standard................ 100% leading, 50% lagging 


Semi-standard............ 90% leading, 65% lagging 
Semi-standard............ 75% leading, 75% lagging 
Special................... 83% leading, 88% lagging 


Of course, these figures are only approximate, and the 
use of the nearest standard ratings, and of available 
design parts, will give rise to considerable variations. 
Nevertheless, they show the true effects, over a standard 
line of condensers, of different specifications for Y,. 

It is not worthwhile here to study the detail design 
differences between machines with various values of 
Y,, but it is desirable to clearly realize the reasons for 
the reduction of rating that accompanies an increase 
in it. If a standard condenser is to be given an in- 
creased lagging capacity, without increase in size or 
cost, its air-gap must be lengthened. This entails a 
corresponding reduction in winding space on either 
rotor or stator and increases the field leakage, though it 
slightly decreases the armature leakage reactance and 
the pole-face losses. On the other hand, it is not 
practical to secure an increased leading kv-a. rating by 
reducing the lagging capacity below about 50 per cent 
because the air-gap excitation is already small compared 
with the total, and even a large reduction in the air- 
gap length will only make a slight gain. Further, when 
the gap is very small, excessive increases in armature 
reactance and in pole-face losses occur. 

These facts have long been appreciated by designers,’ 
but it is believed that they are not generally understood 
and that they deserve greater emphasis than they have 
heretofore received. 

So far, we have merely shown that there is a definite 
decrease in kv-a. rating of a given machine if Y, is 
increased. There is also a distinct handicap in losses 
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in leading kv-a. operation imposed by a wide departure 
from the normal value of Y,. In Fig. 2, for example, 
there are shown the per cent losses of the same 7500- 
kv-a., 900-rev. per. min., synchronous condenser used in 
making Fig. 1. The curves show the expected full- 
load losses with different air-gaps, but the same stator, 
for both lagging and leading operation, as percentages 
of the kv-a. under each condition. These values of 
kv-a. are shown by the solid curves of Fig. 1. . Re- 
designing the entire machine to obtain the best possible 
design for each length of air-gap does not materially 
reduce the losses, as shown by the points plotted at 
100 per cent Y,. 


We, therefore, conclude that it is desirable to keep 
the value of Y, between 0.5 and 0.6 for a standard line 
of synchronous condensers. Wide departures from 
this range increase both costs and losses and so cannot 
be considered standard, and keeping closely to it will 
greatly facilitate standardization and will tend to 
further reduce costs and improve performance. 


PER CENT POWER LOSS 


04 08 12 1. 
Ys=PER CENT LAGGING KV-A.= 100 
2—RELATIVE Fuui-Loap Losses or A 7500-Kv-a., 900- 


Fic. 


Rey. Per Min. SYNCHRONOUS CONDENSER WITH VARYING 


Arr-Gap LENGTHS 


The desirability of this fixation of the value of Y, 
from the cost and efficiency viewpoints being estab- 
lished, it remains to consider it from the operating 
viewpoint. 


V. OTHER METHODS OF SECURING LAGGING Kv-a. 
CAPACITY 


There are four principal methods of securing lagging 
kv-a. capacity without departing from normal con- 
denser designs: 

1. By reconnection of the condenser windings, 

2. By raising the condenser voltage by means of 
transformer taps, 

3. By use of reactors, and 

4. By reduction of the system voltage. 

The simplest general method of reconnection is to 
divide each phase in halves and connect unlike halves 
in series for lagging power-factor operation. On three 
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phase, this is equivalent to increasing the voltage in 
the ratio of 2/4/ 3, and so it raises the lagging capacity 
to 4/8 of its normal value. However, unless rather 


. complicated internal connections are made, the scheme 


considerably inereases the short-circuit core losses.* In 
special cases, it is possible to change the number of 
circuits, and it is always possible to bring out taps 
from the winding in such a way that some of the arma- 
ture coils can be cut out, with similar effects. These 
schemes however, all involve rather expensive switching 
arrangements, and they are not conveniently adaptable 
to automatic operation; also, they all result in increased 
losses per kv-a., so that from this point of view they 
are not attractive. Some of the methods are desir- 
able for use in special cases, such as when a single 
machine is to be operated at different times on circuits 
of different frequencies, but they cannot be recom- 
mended for standard practise. At best, it is not practic- 
able to double the lagging kv-a. capacity of a condenser 
by such means, so that they cannot completely solve 
the problem. | 

The recent developments in tap changing trans- 
formers® at first sight give promise of a solution by 
enabling the voltage to be varied at will over a wide 
range, without opening the circuit. However, on 
closer scrutiny, this possibility too is seen to be chimeri- 
cal. In the first place, the tap changing apparatus is 
quite expensive, and the cost of the condenser is con- 
siderably increased by the necessity for insulating it 
for the highest voltage used. These extra costs alone 
are about the same as the extra cost of making the 
original condenser good for full-lagging capacity, and, 
in the second place, the losses in lagging power-factor 
operation are considerably increased by this arrange- 
ment as compared with the latter scheme. 


In Fig. 3 there are shown curves of leading and 
lagging kv-a. capacity and per cent losses as functions 
of the impressed voltage, for the same 7500-kv-a., 900- 
rev. per. min., 11,000-volt condenser used in the previous 
figures. A voltage of about 180 per cent is required to 
give 90 per cent of rated kv-a. in lagging operation, at 
which point the losses are 2.2 per cent as compared ` 
with only 1.6 per cent for the oversized condenser built 
with a large enough air-gap to give the same lagging 
capacity (Fig. 2 at Y, = 1.55). The curves show that 
no appreciable increase in leading kv-a. capacity can be 
secured by reducing the voltage, so that there is no 
incidental gain from this source to offset the disadvan- 
tages in lagging operation. We conclude, therefore, 
that the voltage regulation scheme is not of value for our 
purpose. | 

There remains the scheme of supplementing the de- 
ficient lagging kv-a. capacity of the standard syn- 


4. Reference No. 6 and Q. Graham, M. M. F. Wave of Poly- 
phase Windings, JOURNAL A. I. E. E., February 1927, p. 118. ` 

5. A. Palme, Application and Design of Load Ratio-Control 
Equipment, presented at the Regional Meeting of District No. 1 
of the A. I. E. E., Pittsfield, Mass., May 25-28, 1927. 
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chronous condenser by the addition of parallel-con- 
nected reactors. As high-voltage air core reactors can 
now be built at costs per kv-a. which are about half those 
of synchronous condensers and with total losses of only 
about 1 per cent, this idea looks promising. The ob- 
vious objection to it is that it requires additional ap- 
paratus with suitable control and extra floor space. 


er cent Leading Kv-a. 


$120 Hof Oversized Condenser 


3 


e 
PER CENT POWER LOSS 


E 

Ht MT 
Per cent LA 4 

TET] TINT 

HHHH kendte Kva HEN H 
FHE 
B 
a 
M 
B 


90 
O 
E228 
ane 
-H-H4 
> 


SRE EER 

-FEEEELHE TEETH HET ETZS 
NJITI KE 

Per cent Loss Lagging TREA Y] 


PER CENT OF RATED KV- 
S 


a mai l 
HHHH 
0 BEE EE AH H4 0 


0 20 40 60 80 100  1?0 140 
PER CENT OF RATED VOLTAGE 


Fig. 3— RELATIVE CHARACTERISTICS OF A 7500-Kv-a., 900- 
Rev. Per Min. SYNCHRONOUS CONDENSER IN VARIABLE 
VOLTAGE OPERATION 


Furthermore, unless the reactors are to be thrown on 
the line all in one unit, expensive sectionalizing switches 
are required. Thus, the complete equipment is more 
expensive than a single oversized condenser designed 
for full lagging capacity. 

The comparison of kv-a. ratings obtainable for the 
same cost, given in part IV, show that a standard con- 
denser has 4/3 the leading kv-a. and half the lagging 
kv-a. ratings of an equivalent special condenser with 
100 per cent lagging capacity. Taking the cost per 
leading kv-a. of the standard condenser as 1, and that of 
a reactor as 14, the total cost of the standard condenser 
plus sufficient reactors to give full lagging capacity is 
1.25, while the cost of the special condenser is 1.33. 
These figures are rough, and they will be changed 
considerably by the addition of the extra equipment 
necessary, but they show that the costs of the two 
schemes are not widely different. 

In the long run, however, the capital cost of the re- 
actor scheme may prove to be the lower, for lagging 
kv-a. are principally required when a system is lightly 
loaded, in order to keep down the no-load voltage. 
Over a period of time, as the system load increases, the 
times of light load become shorter, and the minimum 
load becomes greater, so that less lagging kv-a. are 
required, and the demand comes to be for leading kv-a. 
capacity to hold the voltage up during overloads. 
Hence in some cases, it should be economical to install 
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reactors alone when a transmission line is first built, 
later to add standard condensers, and finally to take the 
reactors away altogether for use at some other place, 
or for sale. 

One of the chief reasons for specifying condensers 
with large lagging capacities seems to be the desire to 
make ample provision for the lagging kv-a. requirements 
in case these are greater than estimated. In such cases, 
it is often found that the extra lagging capacity is not 
actually needed. If, therefore, it is realized that addi- 
tional lagging kv-a. can be secured at any later time on 
an economical basis by adding reactors, it will be pos- 
sible to purchase initially condensers that have a lagging 
kv-a. eapacity only equal to the estimated requirements, 
for which standard machines are usually adequate. 

From the point of view of power losses, too, the 
reactor scheme may be attractive. Fig. 4 shows the 
total losses in per cent of kv-a. output for the combina- 
tion of the standard 7500-kv-a. condenser used in the 
previous figures with sufficient air-core reactors to give 
a total of 100 per cent lagging capacity; together with a 
similar curve for a larger condenser built with a suf- 
ficient air-gap to give it 7500 kv-a. capacity on both 
leading and lagging operation. At light lagging loads 
the smaller condenser is slightly more efficient, while if 
the condenser is shut down and the reactors alone are 
used at light loads, a large saving in losses results. At 
medium loads the larger condenser has a little lower 
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losses, but at full lagging kv-a. the combined unit gives 
better results. The variations are sufficiently small, 
however, to make the balance depend upon the operat- 
ing schedules. 

All these methods of securing extra lagging capacity 
involve extra cost and losses, so that it is desirable to 
avoid the difficulties by merely reducing the system 
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voltage. This reduces the leading kv-a. supplied by the 
transmission line capacity, and increases the lagging 
kv-a. due to the line reactance, thus greatly decreasing 
the lagging requirements. The voltage reduction may 
be made temporarily during a time of light load. In 
general, a system design that gives permanently large 
lagging kv-a. requirements is not the most economical. 


VI. METHODS OF STARTING SYNCHRONOUS 
CONDENSERS 


It is standard practise to provide synchronous con- 
densers with amortisseur windings and to start them 
from a low-voltage transformer tap or from an auto- 
transformer. This method of starting is readily adapt- 
able to automatic operation, and the equipment re- 
quired costs less than a starting motor with its control 
and the necessary synchronizing apparatus. Unless a 
source of low voltage for the starting motor is already 
available, an extra transformer must be provided for it, 
and in this case the cost is very much greater; also, 
automatic operation with a starting motor is more 
difficult. The only apparent advantage of a starting 
motor is the possibility of securing a lower reactive com- 
ponent of the initial starting current by its means. 

As the starting kv-a. required by a standard con- 
denser is only about 30 per cent of normal, and this can be 
reduced to about 20 per cent by adding oil pressure 
starting equipment, it does not seem that the use of a 
starting motor is ever necessary on this account. How- 
ever, in rare cases it may be desirable occasionally to 
use a condenser for line charging or for testing a trans- 
mission line, and a starting motor will then be necessary. 
If a condenser is to be operated on unbalanced voltages 
or under other conditions where a very low-resistance 
amortisseur winding is needed, the condenser’s starting 
characteristics will be poor and a starting motor will 
be desirable. 

In order to keep down the induced field voltage, it is 
customary to short circuit the field through a resistor 
during the starting period. The condenser will then 
come up to full speed on the tap voltage, and field is 
applied before it is thrown over to full voltage. When 
the change to full voltage is made, the field current being 
kept constant, the kv-a. drawn from the line will change 
suddenly by an amount depending on the value of field 
current used. Let T' represent the ratio of tap to line 
voltage, Y, the ratio of lagging to leading kv-a. capacity, 
and E the ratio of the field current during synchronizing 
to the no-load field current. Then the leading kv-a., 
drawn from the line on the tap, are represented by: 


T(E- T)Y, 
and the leading kv-a. on full voltage are: 


For minimum shock to the system, these two must be 
equal, whence we find the best value of field current to 
use on synchronizing is: 

E=T+1 
which gives leading kv-a. equal to T Y,. 


(5) 
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As a standard condenser usually has a no-load field 
current equal to about one-third of its full-load field 
current, and as the tap voltage used for starting is 
usually not over 30 per cent, equation (5) shows that the 
best value of field current for synchronizing is a little 
less than 40 per cent of its rated value. | 

In practise it is convenient for the operator to deter- 
mine the best value of field current by taking two V 
curves on the condenser, one at full voltage and one on 
the starting tap, reading the eurrent input on the line 
side of the compensator. "Then, as indicated in Fig. 5, it 
is à simple matter to prolong the leading branches of the 
two V curves until they intersect, and this will give the 
desired field current. The magnetizing kv-a. of the 
compensator are usually large enough to make the de- 
termination by readings on the low side of the com- 
pensator considerably in error, as indicated by the 
dotted line in Fig. 5. 


B 
i: 
E 
A 


v 
O 
2 
£ 
e 
S 
f 
"n 
+ 
f 


SERRE 
ERNBNENENENEP 


a 
44 


PER CENT OF NORMAL KV-A. 
simi 
L| 


Nae 
IN It | 
HHHH 


on 25 Per cent Tap T T. 
Sune 


A IIO g 
0 10 20 30 40 50 6 70 
PER CENT OF NORMAL FIELD CURRENT 
Fic. 5—VoLTAGE Curves or a 7500-Kv-a. SYNCHRONOUS 


CoNDENSER 
Showing method of determining best field current for synchronizing 


Previous articles dealing with this question have 
sometimes recommended the field current value corre- 
sponding to the same armature current on the leading 
branch of the low-voltage V curve and on the lagging 
branch of the full-voltage curve. In this case, the 
change from leading to lagging kv-a. will give an ap- 
preciable shock to the system, as the system excitation 
must change immediately in the opposite direction. 
As there is practically no torque exerted by the con- 
denser, the phase position of the pole with respect to the 
armature current is nearly the same for all values of 
excitation, and, therefore, whatever value of field cur- 
rent is used, there should be very little shock to the 
condenser itself. 

Since the transition from the tap to full voltage can 
be made without requiring any appreciable change in 
the phase position of the rotor or in the total kv-a. 
drawn from the line, it is not of great importance 
whether the circuit is momentarily opened during the 
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transfer or not. If the circuit is held open for an un- 
necessarily long time, amounting to a second or more, 
the rotor will fall back in phase and a mechanical shock 
will be experienced on reclosing. 

Instead of first closing the field through a resistor and 
later opening the resistor circuit and applying field 
voltage, it is often convenient to simply close the field 
through the direct connected exciter at the beginning, 
and allow the machine to synchronize itself on the tap 
voltage. In this case, the exciter must build up so 
slowly that the direct component of the field current 
does not become important until the condenser is at 
speed. If the exciter builds up too rapidly, the machine 


will not come up to full speed. The remedies in such . 


a case are either to cut in more resistance in the exciter 
field circuit, or to use a higher tap voltage for starting. 


VII. STABILITY OF SYNCHRONOUS CONDENSERS 


There are two aspects of the stability question as it 
relates to synchronous condensers, the first dealing 
with the stabilizing effect of a condenser on the system 
voltage, and the second dealing with the ability of the 
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condenser to stay in synchronism during system dis- 
turbances. These will be considered in turn. 

A dead system load, made up of lamps, resistors, 
reactors and so forth, is characterized by a constant 
ratio between its voltage and current. If the voltage 
rises or falls, the current does likewise in an equal 
ratio, without change of power factor. A live load, 


made up of synchronous and induction motors, is . 


characterized by a constant kilowatt demand, indepen- 
dent of voltage, so that in this case the power com- 
ponent of current rises if the voltage falls, and vice versa. 
With a dead load, therefore, a fall in voltage results in a 
decrease in line drop, while with a live load a fall in 
voltage gives an increased line drop. The former is 
always a stable, and the latter may be an unstable 
condition. 

For good system stability, it is necessary to counter- 
act the effects of a live load by adding equipment that 
will give a rapid decrease in the line drop whenever the 
voltage falls. A static condenser is of no use for this 
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purpose, as the current falls with the voltage, and thus 
the voltage rise it produces falls also, increasing the 
instability. An induction voltage regulator can be 
used, but its effect is secured by the action of its control 
mechanism, and so is notimmediate. Ontheother hand, 
a synchronous condenser fulfils the desired conditions, 
as it gives an increased leading current when the voltage 
falls, and vice versa. The action in this case is immedi- 
ate, as the field excitation is always equal to the sum of 
the values required to produce the voltage and the arma- 
ture current, and any decrease in one results in an 
equivalent increase in the other. This property of the 
synchronous condenser is of the greatest importance in 
problems of system stability. 

By automatic voltage regulator control of the con- 
denser field current, a delayed action of the same kind, 
that further increases the leading current when the 
voltage falls, can be secured, and, by using a quick- 
response excitation system with a proper voltage 
regulator, the time delay in securing the additional 
effect can be made very short. Or, by designing the 
condenser with a strongly saturated magnetic circuit 
at normal voltage, a large amount of field excitation 
will be released by a fall in voltage, and made available 
for the production of additional leading armature cur- 
rent. As Fig. 3 indicates, a normal condenser gives a 
slight increase in total leading kv-a. as the voltage falls, 
while a saturated machine gives a large increase. Thus, 
by the use of a saturated design the armature current 
may be made to instantaneously increase much more 
rapidly than the voltage decreases, even with a fixed 
field current. It is probable that these two ideas of a 
quick response excitation system and a saturated 
magnetic circuit will prove to be very useful in solving 
the future stability problems of large systems. 

A standard synchronous condenser with about 50 
per cent lagging kv-a. capacity has a pull-out torque 
of about 175 per cent of its rated kv-a., with full excita- 
tion. At no-load, the pull-out torque is reduced to 
about 75 per cent, and even with zero field current, 
corresponding to full lagging kv-a., it still has a pull-out 
torque of about 20 per cent of its rating. A condenser 
designed for 100 per cent lagging capacity has corre- 
sponding pull-out torque values of about 225, 125, and 
30 per cent. A standard condenser of 5000 kv-a., or 
above, also has a value of W R? equal to: 


1000 : 
C —— ) lb. ft. squared 
rev. per. min. 
(6) 


The familiar equation for the torque required to 
produce angular acceleration in a rotating mass can 
now be applied to determine what rate of change of 
frequency can occur without the condenser falling out 
of synchronism. This equation is: 


W R? dw 
g dt 


W R: = (6 to 8) (kv-a.) ( 


(7) 


= torque, 


J 4 4 F 
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where the moment of inertia in pound-feet-seconds 
squared is: 
WR po 7 Es ne 1000 ) 
g 32.2 ( ) rev.per. min. /' 
approximately, (8) 
the angular acceleration in radians per sec. squared is: 


3r --( "TT )= IT 


2 d 
- ( E ) (rev. per. min.) dA (9) 


and the torque i in Toot pounds] is: 
7040 (kv-a.) 


Toran = (0.2 to 1.75) iev par min 


(10) 


Substituting these expressions in (7), we find the 


allowable rate of change of frequency for a standard 
condenser to be: 


af 


Fdt = 0.06 for zero field excitation 


= 0.23 for no-load excitation 
= 0.55 for full-load excitation (11) 


This means that the frequency could be changed 55 
per cent per sec. without causing a standard condenser 
operating at rated field excitation to fall out of step, 
provided the voltages at its terminals were held absolutely 
constant and balanced. In practise, a system distur- 
bance usually both lowers and unbalances the voltage, 
so the actually allowable rate of frequency change is 
much less. 


The torque developed varies as the square of the 
voltage with no field excitation (full lagging operation), 
and just a little faster than the first power of the 
voltage at normal excitation (full leading operation). 
If one line terminal is opened, the condenser operates 
single-phase, and has a pull-out torque about 70 per 
cent of its value at the same voltage three-phase: If, 
however, the voltage between two terminals falls very 
far, corresponding to a short circuit between lines, the 
short-circuited phase acts as a generator feeding power 
to the fault, and the pull-out torque is reduced still more. 
Also, the existence of reactance in the lines and trans- 
formers may greatly reduce the pull-out torque. 
On the whole, therefore, taking into account these 
factors and remembering that the maximum torque of 
a synchronous machine is not fully available, due to the 
hunting that always occurs on disturbances, it is prob- 
able that not more than 10 per cent of the rate of fre- 
quency change given by (11) is permissible. 

Our conclusion is that a condenser operating at rated 
field current will stay in step during system distur- 
bances if the frequency does not change more rapidly 
than 5 per cent per sec.; and at zero field current it will 
stay in step during frequency changes up to 1⁄4 per cent 
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per sec. If it falls out of step when the field excitation 
is very small, the condenser will behave like an induc- 
tion motor and will come right back into step after 
the disturbance is over, while at large excitations, it will 
come to rest and must be restarted; hence, the lessened 
stability of a condenser at reduced excitations is not of 
particular importance. On the basis of these figures, it 
seems that standard condensers have ample synchroniz- 


ing power for ordinary applications and that no weight 


need be attached to this factor in writing condenser 
specifications. 


VIII. RECENT IMPROVEMENTS IN CONDENSER DESIGN 


Designers are always striving to make more efficient, 
cooler, and more reliable machines without increasing 
the cost, and the results of their efforts should be re- 
corded at intervals. There are several recent improve- 
ments in condenser design that seem worth presentation 
here. 

The design of amori windings, especially the-end 
rings, has always presented a serious problem on large 


Fic. 7—Roror or 7500-Kv-a., 900-Rev. Per Min. 
SYNCHRONOUS CONDENSER 
Showing open amortisseur winding and finned field coils 


high-speed naina, as the support of the projecting 
bars and rings has proved mechanically difficult. 
Furthermore, the presence of a complete end ring has 
been very inconvenient in taking down and reas- 
sembling the poles. By simply omitting any end-ring 
connection between poles, the amortisseur winding bars 
can be shortened, and the ring segment placed close to 
the polepiece punchings. Theexpansion of the bars due 
to heating during starting is taken care of by leaving a 
small axial clearance between the rings and the pole 
pieces. This gives a very happy solution to the 
problem, as it avoids all mechanical difficulties and - 
dangers from overheating of the exposed bars, and 
greatly facilitates assembly. Most advances in the 
art bring complications in their train, and it is therefore 
extremely pleasant to be abletorecord onethat simplifies 
the design instead. Fig. 7 illustrates this construction. 
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Fig. 7 shows the rotor of the same 7500 kv-a., 900 
rev. per. min. synchronous condenser referred to in the 
previous discussions, on which this simplified amor- 
tisseur winding construction was used. The deterrent 
to the use of this scheme heretofore has been the 
thought that it would give unsatisfactory starting char- 
acteristics. The machine shown, and many others 
of different sizes, have been built in this way, however, 
without any important difficulties from this source 
being experienced. 

Another recent improvement in rotor design consists 
of the addition of fins to the ends of the field winding, as 
illustrated in Fig. 7. These fins are made by simply 
projecting every second or third turn of the field coil 
during winding. They give an increased area for 
cooling on the ends, where it is most effective, and so 
reduce the field temperature. 

In the design of the stator, improvements have taken 
the form of simpler and stronger mechanical construc- 
tion by the use of steel plates welded together instead 
of castings, and in improved arrangements for ventila- 
tion. Fig. 8 shows a 10-pole, 20,000-kv-a., 720-rev. per. 
min., 11,000-volt, synchronous condenser recently built. 


Fic. 8—20,000-Kv-a., 720-Rev. Per Mın., 11,000-VorT 
SYNCHRONOUS CONDENSER ` . 
. Showing steel plate framo E 


The welded frame is much lighter than an equivalent 
easting, and is more easily modified to meet special 
requirements. | 

A strong tendency to the use of. closed systems of 
ventilation for large rotating machines, including con- 
densers, has been recently observed. The addition of 
the necessary enclosing features and water coolers adds 
about 10 per cent to the first cost of the condenser itself, 
but it reduces noise to a very small amount, and it is 
found to give much longer insulation life. The number 
of cubic feet of ventilating air passing through an open 
machine is so great that astonishing amounts of dirt can 
collect on the windings in a short time. For every 
kilowatt of loss, a machine requires about 100 cu. ft. 
of cooling air per min., or, on the basis of 8000 hrs. of 
operation annually, about 50,000,000 cu. ft. each year. 

The air found in ordinary buildings usually contains 
between 0.02 and 0.2 lb. of dust per 1,000,000 cu. ft.,5 


6. Margaret Ingels, ‘‘How Dusty is Air,” Jl. Am. Soc. of 
Heating and Ventilating Engineers, Vol. 31, pp. 415-418, Aug., 
1925. 
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and we may take 0.08 as representing reasonably good 
conditions. If 10 per cent of the dust in the ventilating 
air is deposited as it passes through the machine, then 


0.15 Ib. are deposited annually for each kilowatt of 


loss. Most large condensers have sufficient cooling 
air to provide for losses equal to 3 per cent of the rating, 
so that this means about 414 Ib. dirt per 1000 kv-a. of 
rating. . On a 50,000-kv-a. condenser, this gives a 
total of over 200 lb. of dirt deposited annually. 


The presence of dirt on the windings and in the air 
ducts increases, of course, both the temperature rise and 
the fire risk, so that the use of a closed system of venti- 
lation prevents deterioration of the insulation and 
provides valuable insurance. These advantages suffi- 
ciently explain why the 50,000-kv-a.. condensers re- 
cently built have been provided with closed system 
ventilation and water coolers. There is no doubt that 
an increasing percentage of large machines will be built 
in this way in the future. . 

Last, but not least, steady reductions in the losses 
of synchronous condensers have been going on. In 
Fig. 6, the usually guaranteed losses of standard con- 
densers of voltages and speeds as given in Table I are 
shown in comparison with those existing four years ago. 
Of course, considerable variations from the curve values 
occur due to the special conditions in each case; never- 
theless, the curve can be relied upon for preliminary 
calculations of the cost of condenser losses in projected 
installations. 


These reduced losses have been obtained by using 
better proportions in design, so that there is a good 
balance between the several items of loss, by using 
better grades of steel, and by employing effective wind- 
ing transpositions to avoid eddy-current losses. As 
these features result in more expensive machines than 
necessary from an operating viewpoint alone, it is 
important that specifications for individual machines 
give the value that is to be assigned to savings in losses. 


1X. ASYNCHRONOUS CONDENSERS 


It is possible to secure a very flexible and stable 
machine that will give a wide range of leading or lagging 
kv-a. by exciting a slipring induction machine from a 
direct connected a-c. exciter. Such a machine will 
operate at a very small slip that varies with the losses, 
the sum of the speed and excitation frequencies beings 
always equal to the line frequency. Hence, it has 
extremely good stability and will not fall out of step 
on system disturbances. With excitation in one direc- 
tion, it gives leading kv-a., and with reversed excita- 
tion it gives lagging kv-a., the limits in both directions 
being set by exciter capacity and heating. 


While this type of machine has found fairly extensive 
use abroad, it does not seem desirable for use in the 
United States, for, the rotor winding must be distrib- 
uted in many slots, thus greatly reducing its current 


carrying capacity, and so the size and cost for leading 
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power-factor operation are much in excess of those of a 
corresponding synchronous condenser. Also, in order 
to partially overcome this handicap, it must have a 
small air-gap, and a large number of stator slots, which 
increase both losses and cost. 


Its two advantages of extra stability and extra lagging 
kv-a. capacity are not important here. As pointed out 
in section VII, the usual standard condensers appear 
to have ample stability for ordinary applications. 
This can be attributed to the short time settings of the 
protective relays generally used in this country, which 
cut off faults before other machines are noticeably 
affected. Without protective relays, or with time set- 
tings of five sec. or more, the stability of synchronous 
condensers may become a limiting feature. As indi- 
cated above, the costs of synchronous machines with 
lagging capacities up to 100 per cent of the rating are 
much less than those of equivalent asynchronous 
machines. 


Finally, the important advantage of synchronous 
condensers in stabilizing the voltage, discussed in 
section VII, is lost with the simplest form of asynchro- 
nous condenser, which has its a-c. exciter fed from a 
transformer connected to the main lines. For, in such 
a machine, the exciting current decreases proportionally 
to the line voltage, and so the leading current decreases 
also, making the apparatus equivalent to a static 
condenser only. This defect can be overcome by pro- 
viding an auxiliary motor-driven synchronous generator 
to feed the exciter, at some extra expense, when the 
machine becomes equivalent to an unsaturated syn- 
chronous condenser. 


X. CONCLUSIONS 


From this discussion, several fairly definite conclu- 
sions can be drawn. These may be listed as follows: 

1. The most economical speeds and voltages for 
synchronous condensers are approximately those listed 
in TableI. If quiet operation is important, it should be 
secured by enclosing features rather than by resorting 
to lower speeds. 

2. Standard synchronous condensers have ratios of 
lagging to leading kv-a. capacity of approximately 0.5. 
To require a ratio of unity means an increase in size of 
about 25 per cent above standard, together with a slight 
sacrifice in efficiency. 

3. To obtain greater lagging kv-a. capacity recon- 
nection, or variable voltage operation of synchronous 
condensers is not generally desirable, but may be justi- 
fied in special cases. 

4. The use of reactors to supplement the lagging 
kv-a. capacity of standard synchronous condensers 
offers many advantages, and may be generally prefer- 
able to the use of special condensers with large lagging 
capacities. 

5. The standard method of starting synchronous 
condensers as induction machines on reduced voltage 
is preferable to the use of a starting motor. If espe- 
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cially low starting kv-a. are desired, oil pressure starting 
equipment should be provided. 

6. The least disturbance on synchronizing will take 
place when the field current at changeover from the tap 
to full voltage is made equal to (T + 1) times the no- 
load field current, or roughly, 40 per cent of the rated 
field current of a standard condenser. 

7. By the use of a saturated magnetic circuit or a 
quiek response excitation system, the already great 
voltage stabilizing influence of a synchronous condenser 
can be considerably increased. 

8. Present standard condensers have adequate 
synchronizing power, and should stay in step on system 
disturbances in which the frequency does not change 
faster than 5 per cent per sec. at rated excitation, or one- 
half per cent per sec. at zero excitation. 

9. The use of asynchronous condensers presents no 
important advantages over the usual synchronous 
condensers, and is accompanied by a sacrifice in cost and 
losses. 

The author wishes to express his appreciation of the 
assistance given him by Messrs. L. W. Riggs and O. A. 
Gustafson in the preparation of this paper. 
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Discussion 


R. H. Park: Usually, synchronous condensers are purchased 
for power factor correction and voltage regulation. It is some- 
times desirable, however, to purchase additional condenser 
capacity in order to secure greater stability either in steady opera- 
tion, or during transient periods of instability, such as are 
occasioned by short circuits and sudden load changes. 

The ability of a condenser to improve stability under steady 
eonditions depends upon the values of its synehronous and tran- 
sient reactances, although the relative importance of these two 
has not yet been convincingly established. It also depends upon 
the type of voltage regulator employed and on the speed of re- 
sponse of its exciter. 

On the other hand, the ability of & condenser to improve 
stability during system transients occasioned by short circuits 
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is determined largely by the amount of leading current which the 
condenser can supply to the system, and thus by the transient 
reactance and the speed with which the excitation system can 
vary the condenser field voltage over a wide range. If in- 
sufficient range of exciter voltage is available, the advantage 
derived by effecting the available voltage change quickly will 
be slight. 

Thus, where stability considerations are important, it may be 
desirable to provide an exciter of considerably greater voltage 
range than for normal application. Also, it may be desirable 
to use special condensers designed for low transient reactance. 
I should like to ask Mr. Alger, therefore, which is economically 
more desirable, to secure low transient reactance by a special 
design of condenser, or by using a standard condenser of larger 
size. 

M. W. Smith: Mr. Alger has brought out some interesting 
and praetieal eonsiderations in the design and operation of 
synchronous condensers. A timely plea has also been made for 
standardization of requirements and characteristics which affect 
design proportions. Standardization is, of course, desirable in 
all classes of apparatus, but for obvious reasons, synchronous 
condensers probably offer more possibilities in this respect than 
any other large rotating apparatus. Considerable movement in 
this direction can be made without impairing the quality of 
the apparatus, and which will result in benefits to both the 
operating companies and the manufacturers. 

Past experience has usually shown that the variable having 
most effect on synchronous-condenser design proportions, is the 
ratio of lagging to leading kv-a. capacity. Mr. Alger has pro- 
posed several methods for obtaining increased lagging kv-a. 
capacity from machines of standard proportions. All of these 
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methods may be applied in special cases, but the use of suitable 
reactors is about the only method proposed that can be offered 
as a general application. It seems doubtful if even this method 
can be applied economically in most cases. It has been noted 
that where large percentages of lagging kv-a. capacity are 
specified, machines of special and abnormal proportions have 
usually been supplied after all conditions were considered. This 
results in units which are comparatively expensive and inefficient. 
Every effort should, therefore, be made to keep the requirement 
for lagging capacity down as close to 50 per cent of the leading 
kv-a. capacity as possible. This consideration should be kept 
in mind in the operation and layout of power system as far as 
economic considerations will permit. 

P. L. Alger: Answering Mr. Park’s inquiry, I believe that 
the most economical way to secure abnormally low transient 
reactance in a synchronous condenser is to use an oversized 
machine with a standard field, but a special armature. The 
per cent reactance is nearly the same for all standard machines, 
so that by merely using the next larger standard rating, a pro- 
portional decrease in reactance is secured. However, this 
larger machine will have more armature copper and larger slots, 
than are necessary for the new rating, and so a further reduction 
in the per cent transient reactance can be secured by using a 
special armature winding with shallower slots. The saving in 
cost of copper and insulation here will more than offset the cost 
of the special features. By these means, the transient reactance 
ean be reduced about 10 per cent faster than the corresponding 
standard rating is increased. By using field poles, shorter and 
narrower than standard, additional gains could be made, 
but at greater expense, and with a greater loss of effici- 
ency. 
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Oscillograph Recording Apparatus 


For Transmission Line Studies 
BY JOSEPH W. LEGG: 


Associate, A. I. E. E. 


Synopsis.—Part I is an introduction, showing the need for 
reliable records of power disturbances in transmission lines, 
and showing that the incandescent-lamp oscillograph is the only 
practicable recorder of such chance disturbances. 

Part II describes the Power Osiso which is a very compact and 
highly efficient oscillograph, having an instantaneous wattmeter, 
a permanent-magnet galvanomeler, and a relay arrangement with 
control for automatic operation on chance disturbances. The 


PART I. INTRODUCTION 
N this day of complex power circuits it is very desir- 
able to have reliable records of system behavior 
during disturbances. A most satisfactory recorder 


of such disturbances is an oscillograph using an in-: 


candescent lamp, because such an instrument can be 
easily arranged to function automatically and to give 
sufficiently high-speed records. . 

Automatic operation ot standard oscillographs on 
chance disturbances? has been advocated for nearly a 


‘decade, but has not been utilized by operating engineers 


until recently. The present stage of development of 
such apparatus has advanced to such an extent that 
it is even possible to obtain records within the first 
half cycle of power flow following a lightning stroke or 
other chance disturbances. Thus this apparatus is 
much quicker in action than is absolutely necessary 
for stability studies and will even show the rupturing 
characteristics of lightning arresters and high-speed 
circuit breakers. 

It was hoped that graphic-chart instruments could 
be made fast enough to catch the surges in power which 
affect the stability of a system. However when 
charts were compared with oscillograms, taken simul- 


taneously, it was seen that the highest-speed graphic © 


instruments are hopelessly slow in following rapid 
fluctuations in power. An instantaneous oscillographic 
wattmeter was calculated some time ago, but its com- 
plete development was delayed because of the hope 
that a practicable graphic instrument could be made 
fast enough for stability investigations. When it was 


found that a reconstructed high-speed graphic instru- 


ment, with over fifty times normal input, would not 
tell as complete a story as the oscillographic wattmeter, 
then it was conceded that the oscillograph is the only 
practicable instrument for recording power distur- 
bances. Furthermore, the reconstructed high-speed 


1. Westinghouse Elec. & Mfg. Co., East Pittsburgh, Pa. 

2. See Trans. A. I. E. E. Vol. XLII, 1923, p. 385 section on 
Automatic Operation, in article entitled Expansion of Oscil- 
lography by the Portable Instrument, by the author. 

Presented at the Pacific Coast Convention of the A. I. E. E., 
Del Monte, Calif., Sept. 13-16, 1927. 


various auxiliary apparatus, such as daylight-loading film holders, 
6-volt motor, potential circuit control, etc., is also described, together 
with different connections for the same. 

Part III describes the Multi-Element Oscillograph, which gives 
from 8 to 9 simultaneous records on one film, also the various 
auxiliary apparatus and the possible combinations thereof. A 
detailed description is given of the automatic operation equipment 
and its action in recording chance disturbances. 


graphic required an elaborate installation of extra 
potential and current transformers, besides multi- 
contact relays to cut out the instrument before it could 
be destroyed by fifty-times normal input. On the 
other hand, the oscillographic wattmeter takes less 
energy than standard graphic instruments. 

This paper is to describe improved forms of oscillo- 
graphs applicable to power circuit analysis, and to 
indicate the types of elements new or old, required 
for recording the electrical quantities involved, and 
their proper arrangement. in the various circuits. 
The outfits discussed are in two different forms. The 
smaller outfit is known as the Power Osiso and gives 
one or two simultaneous records, of instantaneous 


Fig. 1—CoMPLETE Murrt-ELEMENT OSCILLOGRAPH WITH 
Drivinc-Moror ATTACHED TO F'ILM HOLDER, VIEWING MIRRORS 
RESTING AT ONE SIRE. 


power or potential or current, on one film 35% in. wide. 
The larger outfit is known as the Multi-Element 
Oscillograph, see Fig. 1, and gives from three to nine 
simultaneous records on one film 7 in. wide. Each 
outfit may be equipped with instantaneous wattmeter 
elements and with a suitable relay arrangement for 
automatic operation on chance disturbances. 


Part II. THE POWER OsIso 


There are several forms of the Osiso,? but only the 
newest form, developed especially for power investiga- 
tions, will be deseribed in detail in this paper. Each 
Osiso is a very portable and highly efficient oscillograph 


3. See The Electric Journal for December 1924 and July 1927. 
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which gives more clean cut photographic records with 
a two-watt lamp than we have been able to obtain 
with any other oscillograph even though the latter uses 
a direct-current arc lamp. The Osiso is 614 in. wide, 
9 in. high, and 10 in. long, including all parts except 
the photographic film holder and its driving motor. 
Fig. 2 shows the original form of the Osiso with a day- 
light-loading film holder and a six-volt shunt motor 
attached. The micarta case contains the incandescent 


J 


Fig. 2—Sranparpv OSISO wrrH Dayureut-Loapinc FiLM 
HOLDER AND Drivinc MOTOR ATTACHED 


lamp illuminant; resistors for the potential circuits, 
up to 250 volts; one or two galvanometer elements; 
complete optical system; and convenient binding 
posts for all connections. There are side openings 
which can be fitted with detachable panels equipped 
according to the particular application desired. 

The Power Osiso is a special development in this line 
for power-circuit investigations. Fig. 3 shows a cross 
sectional. view of the Power Osiso equipped with one 
instantaneous wattmeter and one permanent-magnet 


_ galvanometer, for recording either potential or current 


waves. The Osiso lamp was especially developed for 
this extremely portable oscillograph. The lamp has 
an incandescent filament, a special bulb, and a double- 


contact vase for candelabra bayonet sockets. The 


filament is kept straight by a spring support. Two 
capacities are furnished, one for approximately one- 
half ampere, and the other for approximately two am- 
peres, both at 4 volts. 

The one-half ampere lamp has the characteristic of 
lighting. quickly when connected across a constant 
potential supply with no series resistance, and going 
out quickly when disconnected from the supply. This 
makes it possible to take a single photographic exposure, 
on a fast rotating film, by exciting the lamp for one 
revolution of the film drum. This lamp gives sufficient 
light, on short-time abnormal voltages, to take fairly 
high-speed oscillograms (10 in. in 0.05 second). 

The two-ampere lamp gives splendid illumination 
for viewing audio-frequency waves, so that several 
people may see the waves at the same time. Moderate- 
speed oscillograms may be taken for quite a period of 
time, with normal, or slightly abnormal, voltage on 
this lamp. 
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Undesirable reflections from the rear, inside, surface 
of the globe have been prevented by a special construe- 
tion of the glass bulb. 

The vertical filament of the lamp shines on the tiny 
mirrors of the two vertical vibrators of standard design. 
Beams of light are reflected from there to two reflecting 
prisms which in turn reflect each beam of light upwards 
to a long horizontal reflecting prism and from thence, 
horizontally, to the front of the instrument. Here the 
narrow ribbon-like beams pass through the cylindrical 
lens and are condensed to two separate points on the 
photographic film. In the permanent magnet galvanom- 
eter the vibrator mirror deflects in proportion to the 
instantaneous value of current passing through the 
vibrator strips. | 

INSTANTANEOUS WATTMETER 

The vibrator element of the instantaneous wattmeter 
is the same as that which has been used with electro- 
magnet and permanent-magnet galvanometers for 
many years. As is usual with oscillographs the vibra- 
tors are surrounded by a transparent oil for critically 
damping the movements. The electro-magnet is 


very much smaller and lighter in weight than that of 


any other oscillograph. The complete galvanometers 
are but 314 in. high, overall, above the base of the 
Osiso. The laminated hypernick steel core of the watt- 
meter magnet and its copper winding respond to in- 
stantaneous values of alternating currents. Fig. 4 
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Fic. 3—Cross SECTIONAL VIEW OF THE Power OSISO 


shows the instantaneous watt-galvanometer dis- 
assembled. Normal magnetic strength is obtained with 
a drop of only 14% volt at 5 amperes, with 60 cycles 
eurrent. With this magnet excitation the vibrator 
eonsumes but 0.03 amperes, r. m. s., from the potential 
circuit to give one inch extreme deflection on the photo- 
graphie film. "The total energy consumption is less 
than one per cent of that taken by the reconstructed 
high-speed graphic instruments whose response was 
more than 100 times slower. 
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Even though the Osiso is a small fraction of the size 
and weight of an arc-lamp oscillograph, it is just as 
sensitive and considerably more efficient. Further- 
more the Osiso will do many things which cannot be 
done with any predecessor. When in a single-phase 
system this instrument shows true instantaneous power. 
The instantaneous watt record enables one to scale off 
values of kv-a., power-factor, and average power. 
Fig. 5 shows how these values may be taken from 
the curve, assuming that the records are sine waves. 
The single-phase watt galvanometer may be connected 
in three-phase lines by means of a three-circuit resistor 
or twin-transformer arrangement, either of which may 
be supplied within the Osiso proper. In most power- 
system disturbances, the ground current becomes zero, 
or negligible, by the time the surges of actual power 
are important. Those cases in which the disturbances 
are most severe, the system approaching instability, 
the power continues to oscillate some time after the 
relief of short circuit. Hence the single-phase watt- 
meter, properly connected, shows the important 
power surges, and also shows the variations in kv-a. 
and power factor. A polyphase instantaneous watt- 


Fic. 4—TuHe INSTANTANEOUS Watt GALVANOMETER 
. DISASSEMBLED 


meter (described later) has been ‘designed to go in the 
same space as the single-phase or the permanent- 
magnet units. However, the less expensive and more 
accurate single-phase unit tells a greater story than the 
polyphase unit, since the latter will not show kv-a. and 
power factor. PERR 

All these vibrator elements give a deflection propor- 
tional to the current, potential, or power which they are 
recording. The deflections are. not proportional to 
the square of the current, as is the case in a-c. indicators, 
but to the first power of the current as in a D’Arsonval 
instrument. The galvanometers are true oscillograph 
galvanometers and not compromises or improvised 
indicators. In the few cases where it is desired to give 
a deflection in proportion to the heating effect of the 
current, this may be done by placing the single-phase 
wattmeter vibrator across a 5-ampere shunt which is 
in series with the 5-ampere current coil of the wattmeter. 


GALVANOMETER CONNECTIONS 


This paper does not attempt to show all the various 
ways in which the oscillograph galvanometers may be 
connected in the instrument transformer circuits of 


LEGG: OSCILLOGRAPH RECORDING APPARATUS 


transmission lines. Reference may be made to the 
contemporary paper by Messrs. J. C. Wood, Lloyd F. 
Hunt, and S. C. Griscom entitled Transients due to 
Short Circuits and to Mr. Roy. Wilkin's paper on 
Practical Aspects of System Stability, A. I. E. E. TRANS- 
ACTIONS of 1926, and to an article by R. D. Evans 
entitled “New Sequence System of Polyphase Meters" 


in the Electrical World, February 10, 1923. 


In stability analyses one is interested in power 
measurement largely because of its effect upon accelera- 
tion or deceleration of the rotors of generators. The 


Peak of output 


Center line of wave 


Zero of instrument 


Peak of input 


asb = volt-amperes effeotive value 


. azb e average watts Or = 080 


a * power factor 


Fic. 5—INSTANTANEOUS WaTT DIAGRAM 


. low sides of transformers. to which generators are 


connected are usually in delta, so that in this circuit 
there can only be positive and negative sequence power. 
The negative sequence power is usually small or can 
be corrected for, or calculated, so that the important 
quantity is positive sequence power. This can be 
obtained readily by the sequence connections. 


8 115 - Volts c 


Fic. 6—DIAGRAM OF ARTIFICIAL NEUTRAL, AND POTENTIAL 
TRANSFORMER VOLTAGES 


Various forms of phase-sequence networks may be 
used for certain tests, but for most purposes where 
only two simultaneous records are to be taken it will 


be found best to use the single-phase instantaneous 


watt-meter connected to show three-phase power, 
kilovolt-amperes, and power factor. The permanent- 
magnet galvanometer may then be used to record 
any one line current, or any line potential from the 
neutral to any line. Standard potential and current 
transformers, used for other instruments, will supply 
the necessary power for the oscillograph galvanometers 
without affecting the reading of the other instruments. 
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THREE-CIRCUIT RESISTORS 


The three-circuit resistor consists of six units of 1000 
ohms each, making two units per set. When these sets 
are Y connected to form an artificial neutral to a three- 
phase 115 volt circuit (Fig. 6) the instantaneous watt- 
meter vibrator is placed in series with any one.of these 
sets and the current coil is placed in the 5-ampere 
secondary of the current transformer pertaining to the 
‘line of that set. This arrangement gives ample vari- 
ation in deflection for all currents from 1.5 amperes to 
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Fic. 7—TvricanL CALIBRATION CURVE OF INSTANTANEOUS 

WATTMETER, WITH 0.033 AMPERE IN VIBRATOR 


approximately 8 amperes, where saturation of the iron 
begins to be appreciable. See Fig. 7, taken with 
0.033 ampere in vibrator circuit. A tap is provided on 
the current coil so that 30 amperes gives the same 
flux density. as 5 amperes through the whole coil. 
Thus by using the whole coil for currents up to 8 
amperes, and the tapped section for overload currents 
from 6 to 40 amperes, this arrangement covers a 
broader range than is usually required for studying 
staged or chance disturbances in a-c. power systems. 


TWIN-TRANSFORMER PANEL 


A panel is available carrying two small potential 
transformers and two rheostats so arranged as to 
fit in the side openings of the Power Osiso. The 
transformers are wound for 120 to 1.2 volts, and 
furnish a convenient means of replacing resistances 
in making the necessary phase-changing connections 
in the application of the single-phase wattmeter to the 
three-phase circuit. In the use of the polyphase- 
wattmeter element described below, the transformers 
are necessary because of the interconnection of the 
different phase circuits in the wattmeter. . 


POLYPHASE WATTMETER 


The vibrating part of the polyphase wattmeter is 
exactly the same as that of the ordinary sensitive 
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vibrator except that the two vibrator strips are con- 
nected together at their center, under the tiny mirror, 
by a short length of the same material. This con- 
struction is Just as strong as for the single-phase vibrator 
and permits the vibrator strips to be under the usual 
tension’ of approximately 50,000 Ib. per sq. in. 


The ivory bridges, on the vibrator frame of this poly- 
: phase unit, are the same distance apart (one inch) as 


in the single-phase unit. The two upper extremities 
of the vibrator strips are connected to the usual binding 
posts. In this case there are two lower extremities 
(instead of the usual loop) and these are connected to 
levers and thence to insulated leads which pass to two 
other binding posts on the element top. The levers 
are insulated from the frame, and from each other, and 
are connected, by an equalizer, to the usual tension 
spring. | 

In this polyphase galvanometer there are two 
separate field windings, on separate, inclined, laminated 
iron cores. The active air gaps in all magnets are 
0.032 in. or less, and it is in this space that the vibrators 
act without touching the pole faces of the magnets. 

This polyphase oscillographic wattmeter will not 
show kv-a. nor power factor, but is better than the 
single-phase instrument for showing true power during 
transients in a delta-connected circuit. .It is, of course, - 
not applicable at the instant current flows through 
the fourth wire (ground) in a star connected circuit. |) 


AUTOMATIC OPERATION PANEL | 
A full-automatie operation panel is designed : to 
occupy the opening in either side of the Osiso. This 
panel is shown in Fig. 8, with internal and external 
wiring in Fig. 9. The panel has an initiating relay, 


Fig. S—Avromatic OPERATION PANEL FoR THE OSISO 


to operate from the secondary of a current transformer, 
preferably in the ground-to-neutral circuit of the 
power system. The closing of this relay starts the 
Osiso to function on a chance disturbance. A second 
relay acts to hold the lamp and motor circuit closed. 
A thermostatic cut-out may be set to drop out the 
second relay after the desired period of time has elapsed, 
usually between 3 and 15 sec. A rheostat or potenti- 
ometer is supplied on the panel to control the time of 
heating the thermostatic cutout. A socket is included 
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for a protective lamp which also acts as a signal. 
This automatic-operation panel may be connected in 
several different ways according to the type of auto- 
matic operation desired. One connection is for single, 
quick-automatic operation. This throws the 4-volt, 
L6 ampere Osiso lamp across a 20-microfarad con- 
denser, charged to 110 volts direct current, when the 
initiating relay closes. This is shown in the upper 
right-hand diagram of Fig. 9. The photographic 
film must be kept rotating continuously for such high- 
speed operation. The thermostatic cutout is set to 
open the second relay by the time the film drum has 
made one revolution. A fuse blows when both relays 
are closed so that the apparatus will not operate again 
until the film is changed by the station attendant. 
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QUICK ACTION 


Since the lamp comes up to full brilliancy in less 
than a thousandth of a second after the closing of the 
first relay, and since this relay will operate in a fraction 
of a cyele under a great sudden overload, and since the 
film is rotating continuously, a perfect oscillographic 
record is started several cycles before the oil circuit 
breaker can function. If the chance disturbances 
clear themselves before the first or succeeding operation 
of the breaker the record will show this fact. If a power 
surge follows the cireuit breaker action, the record 
shows that also. For such operation the film holder 
must be supplied with a strip film which must pass 
entirely around the drum, so that all of the record 
will be there irrespective of the position of the drum 
at the instant of the lighting of the lamp. With 
a high-speed direct-current relay, operating on. the 
steepnessof wavefront principle, it is possible to start ex- 
posures within two thousandths of a second after the 
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start of a short circuit on a direct-current power system. 


REPEATED ÁCTION 


Repeated automatie operation may be obtained by 
eonnecting the panel according to the lower right- 
hand diagram in Fig. 9. In this case the records do 
not start as quickly, since the film must be brought 
up to speed by the driving motor and the lamp is 
merely thrown across six volts of the storage battery. 
In this case the film travels forward a few inches each 
operation and requires no attention until many auto- 
matie operations have taken place, each recording a 
different disturbance. If it is desired, a 10-in. or a 
5-ft. film may be driven entirely through on the first 
operation, but usually several records will be taken on 


WOTE-ATERAGE cow TINYOUS 
CURRANT NOF OVER SAMPERE 


VELLO ENGRAVING 


: A À 


Tree Se 


EXTERNAL WIRING BIAGRAM FOR 
SINGLE, Quee - AUTOMATIC OPERATION 


LXTERNAL WIRING HALGRAM FOR 
REPEAT ES, SLOW - AUTOMATIE OPERATION 


9—INTERNAL AND ee WinING DIAGRAM FOR AUTOMATIC OPERATION 


each 5-ft. film. In any case the photographic film 
can be brought up to sufficient speed to give a good 
record of the action of large oil circuit breakers. The 
film speed will be fairly uniform during the power 
surges which may follow the breaker action. 


DRIVING MOTORS 


Fig. 10 shows the Power Osiso with the automatic- 
operation panel and 6-volt shunt-motor unit. The 
driving motor unit is arranged with a field rheostat 
and a double-pole switch so that the armature may be 
supplied with 2, 4, or 6 volts to give a considerable 
range of speed to the photographic film. A 110-volt 
series-motor unit is available with a rheostat across 
the armature brushes. This is satisfactory for con- 
tinuous rotation of the film drum but not for quick 
pick up of speed on repeated automatic operation. 
The shunt motor brings the film up to constant speed 


. in a much shorter line. 
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TEN-INCH RECORDS 


If the rotating-drum film holder is used, with 10 or 
15 in. of film on the drum, it will be necessary to use 
the pulley-and-gear-reduction unit, or its equivalent, 
to keep the film speed less than one-third of a revolution 
per second. With this reduction unit the 10-in. length 


of film could be adjusted to pass through in four steps 


of ten sec. each (or eight steps of five sec. each). A 
contact on the film holder opens the circuit at the end 
. of the film and prevents further operation of the ap- 
paratus, until the film is changed. 


DAYLIGHT-LOADING FILM HOLDERS 


The daylight-loading features of the film holders 
which are used on the Osiso havebeen used on the three- 
element portable oscillographs for some time,‘ and 
have proved to be very convenient and reliable. 

The daylight-loading long-film attachment is shown 
in place in Fig. 11. This film holder uses standard 
roll film, 5 ft. long, intended for a 314 by 514 in. camera, 
or special 10-ft. films wound without the paper ordinar- 
ily used to back thefilm. This film holder passes thefilm 
half-way about the main drum and wraps it on the 
receiving spool. Furthermore, it does this with such 


Fic. 10—TuHE Power Osiso wrrH Its AUTOMATIC OPERATION 
PANEL AND S1x-Vo.tt Motor UNIT? witu DouBLE-POLE SWITCH 
AND FIELD RHEOSTAT 


uniform velocity that there is no bunching of waves 
even when there are as many as 100 cycles per inch 
length of film. For film speeds below 4 in. per sec., 
it is usually necessary to use the pulley-and-gear- 
reduction unit. At this speed the Osiso shows each 
- cycle, more clearly than most oscillographs operating 
at from 2 to 5 times that speed. At this same speed, 
five records of six sec. each could be obtained on one 
10-ft. film. With the pulley-and-gear-reduction unit 
the total time could be increased to five minutes for 10 
ft. of film, or 30 automatic operations of 10 sec. each, 
thus allowing 4 in. per record. 

The daylight-loading rotating-drum film holder takes 
5 oscillograms, each 10 in. long, on one 10-exposure roll 
film. An observation window (to show the number 
printed on the opaque paper of the film) and a winding 
key make it possible to shift the film after each record 
‘is completed. The film may be removed without the 
use of a dark room, and sent to any photographer for 
development. 


4. Expansion of Oscillography by the Portable Instrument, 
J. W. Legg, Trans. A I. E. E., Vol. XLII, 1923, p. 381. 
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FULL-CIRCUMFERENCE FILMS FOR CONTINUOUS 
OPERATION 


A dark-room loading film holder is available taking 
special cut films (from Eastman No. 116 rolls) 1514 in. 
long. "This full-cireumference film is essential for high- 
speed automatic operation, where the film runs from 5 
to 20 rev. per min., continuously, day and night, until 
the chance disturbance closes the relay for an exposure 
under the instantaneously obtained desired brilliancy. 


Fie. Jl1— THE Power Osiso with DarvLriaur-LoaApiING Lone 
FILM ATTACHMENT AND Driving MOTOR 


The daylight-loading holder will also take a 1514 in. 
film (cut from Eastman No. 130 roll) for high-speed 
operation on chance disturbances. A speed-reduction 
attachment, with a 5/6 revolution contact, may be 
supplied with any rotating-drum film holder. A small 
pinion and annular-gear give a speed reduction of 24 to 
1, while the 3-in. pulley may be driven from the 34 in. 
pulley of the motor and thus give a total reduction of 
96 to 1. This permits adjustment of the film speed to 1 
in. per sec., or b in. per sec. This is quite necessary for 
continuous operation. | 


Fig. 1l2—DavLIiGHT-LOADING RoTATING-DnuM Fitm HOLDER 
WITH PULLEY AND Worm CONTACT 


WoRM CONTACT 


All rotating-drum film holders may be equipped with 
a one-revolution contact, see Fig. 12. When taking a 
staged oscillogram this contact is connected in series 
with the Osiso lamp so as to give one revolution of light 
exposure on the drum, thus giving but one length of 
exposure on the film, at 600 rev. per min. or less. For 
delayed automatic operation, the film-holder contact is 
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placed in series with the d-c. supply so as to prevent re- 
exposure of the film after one revolution. This outfit 
also gives excellent high-speed records of wave forms, 
telephone currents, inductive interference, vibrations 
in machines, etc. 
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element galvanometer with horizontal vibrators and 
with reflecting prisms above each; complete optical 
system, incandescent lamp, and control switch; photo- 
graphie shutter and remote-control mechanism; eleven 
dial control resistors; six knife switches; three toggle 


Indlanfoneous Woffmetar 


Fic. 13—OscriLLoGRAM OF INSTANTANEOUS WATTS, 


SYNCHRONOUSLY DRIVEN FILMS 


The light-weight drum of the dark-room loading film 
holder may be driven by a synchronous motor at 1200 
rev. per min., or at 900 rev. per min., so as to obtain 
several 60-cycle waves on the one-film all in their proper 
time-phase relation. Fig. 13 shows an oscillogram of 
instantaneous watts, instantaneous volts, and distorted 
instantaneous amperes, on a 60-cycle line. As many as 
six waves may be taken on the one synchronously driven 
film by placing the one or two vibrators in the different 
circuits while the motor keeps the film in synchronism. 
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FiQic.14—MaAiN Unit or MuLTI-ELEMENT OSCILLOGRAPH. THIS 
IS BUT 25 x 11 x 9.5 INcHES OvErR-ALL 


PART III. THE MULTI-ELEMENT OSCILLOGRAPH 


The design of the three-element portable oscillograph 
deseribed in the 1928 TRANSACTIONS, page 381, and the 
six-element instrument (mentioned in the September 
1926 JOURNAL, p. 881) have been combined and ex- 
tended to cover instruments with 3, 6, or 9 individual 
galvanometers, giving up to nine simultaneous records 
on the 7-in. wide film. The main unit (Fig. 14) of this 
multi-element oscillograph is but 25 in. long, 11 in.. 
broad, and 9.5 in. high, over all, including everything 
but the film holder and its driving motor. In the 9- 
element outfit this case includes: a compact 6-element 
galvanometer with vertical vibrators; a compact 3- 


VOLTS, AND AMPERES. VERY DISTORTED CONDITION 


switches; and binding posts to connect into the various 


‘units of the 20,350 ohms of non-inductive resistance in 


the vibrator circuits. 

The film holder and 6-volt shunt motor are all that is 
essential outside of the main case. A viewing attach- 
ment and three 2 to 20 ampere non-inductive shunts 
are also desirable. This whole oscillograph outfit, 
including the 6-volt motor, weighs trom 907to 120 
lb., according to the number of  galvanometer 


Fic. 15—MurTrI-ELEMENT Rotating Drum Fitm HOLDER 
SHOWING THE DavLiGHT-LoADING FEATURES 


elements, resistors, film holders, ete., included. For 
many tests on transmission lines, this outfit replaces. 
from two to four 3-element oscillographs, and in addi- 
tion, gives records which are easier to analyze, since the 
records are all in the same time-phase relation. This 


outfit will operate from one large-size 6-volt storage 


battery. 


For this instrument there is provided a rotating-drum 
film holder similar to that used on the Osiso, only it is 
wider and will take either 7-in. or 39$ in. widths of 
film (Fig. 15). Each exposure is 10 in. in effective 
length and may cover a time interval of 0.04 sec. or 
greater. At this speed, 1200 ft. per min., the film 
obtains ample illumination from the 3-volt lamp when 
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the latter is operated, momentarily, on.4 or 5 volts. 
Standard Eastman No. 115 roll films are used in this 
daylight-loading film holder. This does away with the 
necessity for a dark room at the place of tests, and 
permits any number of exposures to be made with one 
film holder. Each standard 6-exposure film gives three 
oscillograms. 

If an exposure of more than one second i is desired, a 
pulley-and-gear-reduction unit is necessary. This will 
give a film exposure range from 2 min. down to 0.04 
sec. when operated by the sturdy 6-volt shunt motor 
supplied with every outfit. This slow-speed drive is 
very desirable for repeated automatic-operation on 
chance disturbances. 


Fig. 16—PERMANENT MAGNET . GALVANOMBTER Sanaa 
MAGNET AND WELL ar Eacu SIDE, AND VIBRATOR IN 
FOREGROUND 


The long-film holder for this outfit is somewhat 
similar to that described before, only improvements 
have been added to make this outfit more reliable at 
higher speeds. Twenty-four-foot films, 6.5 in. wide, 
have been run through in as short a time as 4 sec. 
The maximum speed usually required is but 8 ft. in 
about five sec. Semi-special films 8 ft. long are avail- 
able. Standard “Cirkut Outfit" films 3 ft. or 6 ft. long 
may be used, after slight modifications. "This daylight- 
loading feature is very valuable in taking several 
successive tests. Half of the film holder remains on 
the oscillograph while the outer half is removed to 
reload. An annual gear and pinion reduce the speed 
of the film drum (12 in. in circumference) to 4 in. per 
revolution of the driving head instead of the 15 in. of 
the rotating-drum type. With this arrangement there 
is seldom need for the addition of the pulley-and-gear- 
reduction unit, except for very slow repeated automatic 
operation. 

VERTICAL GALVANOMETERS 


Six vertieal type galvanometers may be included in 
one frame. This 6-element galvanometer is but 


814 by 3% by 103% in. over all, and is insulated to 


stand a test of 5000 volts between adjacent vibrator 
elements. Each element may be of the permanent 
magnet type or one or more elements may be of the 
instantaneous wattmeter type, having ee 
electro-magnets. 

A permanent magnet single-element incus is 
shown.partly disassembled in Fig. 16. A permanent 
magnet is. shown externally at one side and a vibrator 
element at the other side. The galvanometer well is 
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moulded in one piece, from moldata. The standard 
vibrator has a natural period of between 5000 and 6000 
cycles per sec. undamped. When immersed in oil, 


within the galvanometer well, the vibrator has no 


natural period and responds, very satisfactorily, to 
frequencies up to 4000 cycles, and shows up much 
higher frequencies with a corresponding reduction in 
sensitivity. The standard vibrator has a resistance of 
approximately 1.3 ohms including the protective fuse, 
and requires approximately 0.12 amperes for one in. 
deflection of direct current. The sensitive vibrator 
requires approximately 0.08 ampere per in. deflection, 
and has a natural period of. approximately 3000 cycles 
per sec., when undamped. 

The instantaneous wattmeter, described with the 
power Osiso, may be used in place of one or more per- 
manent magnet galvanometer units in the 6-element 
galvanometer frame. The only difference between the 
multi-element oscillograph and that of the Osiso is 
the difference in the power of the objective lens, which 
forms the window in front of the vibrator mirror. For 
most transmission-line studies, the total number of 
permanent-magnet and a-c. field galvanometers units 
may be six, within the one frame. The reaction 
between an instantaneous wattmeter and an adjacent 
galvanometer unit is so very small that it is negligible 
for all cases except where the film is driven very fast, 
and where it is desired to analyze the power wave for 
the higher harmonies. Where absolutely no reaction 
is required, the instantaneous wattmeter should be 
separated from the next galvanometer: by a vacant 
space.’ With one instantaneous wattmeter and one 
vacant space, there could be a total of eight galvanom- 
eters in the one oscillograph. With two wattmeters, 
and two vacant spaces, there could still be a total of 
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ELEMENTS === 


seven galvanometers. When vacant spaces are thus 
made available each vacant.space may be traversed 
by a light beam, thereby adding a zero line, or timing 
line or other indicating or reference line on the photo- 
graphic film. The whole nine beams of light will be 


found very valuable even when there are but six 


galvanometersinuse. _ 
HORIZONTAL GALVANOMETERS 


The 7th, 8th, and 9th galvanometers are assembled 
on one base and are thus shown in Fig. 17. These 
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galvanometers have their vibrators in a horizontal 
plane. Above each vibrator mirror is a reflecting prism 
which catches the incoming beam of light, from the 
optical box, throws it down to the vibrator mirror, and 
then throws it towards the photographic film after it 
is reflected from the vibrator and after it has twice 
passed through the objective lens. Each horizontal 
galvanometer is but 2 in. wide, 234 in. long, and 134 
in. high, over-all. The reflecting prism above each 


Fic. 18—Top View or Optica Box, SHow1nG Prism AND SLOT 
ADJUSTMENTS, AND TRIPPING MAGNET AT RIGHT 


galvanometer is so narrow that it does not interfere 
with the other beams of light which pass from the optical 
box to the six vertical galvanometers and thence forward 
to the photographic film. Nine galvanometers all 
in a row would be crowding things too much and would 
lessen the efficiency of the apparatus. The arrange- 
ment is very satisfactory with six vertical and three 
horizontal galvanometers, all within a cabinet whose 


_ outside. width is but 11 in. 


The horizontal galvanometers are oil tight and have 
the same sensitivity and frequency response as the other 
standard vibrators. They are supplied as instan- 
taneous voltmeters or ammeters, but not as instan- 


taneous wattmeters. 


THE NINE-BEAM OPTICAL SYSTEM 


The whole optical system is complete in one remov- 
able box, except for the tiny mirrors and objective 
lenses in the galvanometers. This unit is shown in 
Fig. 18. The face of this unit forms the face of the 
oscillograph proper while the remainder is hidden 
within the micarta case of the oscillograph. Spherical 
condensing lenses are located beneath the optical 
floor (Fig. 19). These are used to concentrate the light 
from the 3-volt 9-ampere lamp on the vibrator mirrors. 
Nine reflecting prisms are located beneath the optical 
floor to direct this light to each individual vibrator 
mirror. An adjustable slot is located just beyond each 
reflecting prism to vary the width of the beam of light 
which passes to the moving film. Many adjustments, 
which might be accidentally thrown out of line in older 
instruments, have been made permanent in this ap- 
paratus by the proper design of each individual part. 
'The adjustments which remain are very simple and are 
unaffected by ordinary handling of the instrument. 
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The usual ball-and-socket adjustment of the reflecting 
prisms has been greatly improved so that there is no 
harmful sidewise motion. All adjustments are easily 
accessible by merely raising the front cover of the 
oscillograph proper. Levers are used as handles in 
making the adjustments. "These point in the direction 
of the beams of light and so show, at a glance, the 
condition of adjustment. 

The shutter mechanism is very uestis the same as 
described for the 3-element portable oscillograph, in 
the July 1920 A. I. E. E. JOURNAL, on page 674 to 679 
(of Vol. XXXIX). This shutter is mechanically 
operated to give one revolution of exposure to the fast 
rotating film. Being a focal-plane shutter, near the 
film, it more effectively keeps out all extraneous light 
from the film and permits the operator to glance at the 
illumination of the galvanometer without bothering 
with the shutter. A tripping magnet, remote-control 
switch, and cutout switch are included in the, optical- 
box unit. The tripping magnet operates as soon as 
abnormal voltage is applied to the incandescent-lamp 
illuminant. A contactor, on the film-holder driving- 
head shaft, is set to operate the tripping magnet at 
any desired fraction of a revolution, ahead of the start 
of exposure on the film, equal in time to the time lag 
of the remote-controlled apparatus being studied. 
With this arrangement on staged tests, the remote- 
controlled power apparatus is started to function just 
in time so that its electrical phenomena will be photo- 
graphed on the high-speed film, while the oscillograph 
lamp is at greatly abnormal brilliancy. The closing of 
the mechanical shutter, at the end of the film, also 
cuts off the lamp and hence the life of the lamp7is 
conserved. 


Fra. 19—UnpersipE View or Oprrican Box 


THE CONTROL UNIT FOR LAMP AND MOTOR 


The lamp-control panel (Fig. 20), is located on the 
front of the oscillograph in a cavity under the optical 
box. This unit is internally connected to the lamp, 
eut-out switch, tripping magnet, and contactor. Bind- 
ing posts are provided to connect in the 6-volt storage 
battery and the 6-volt shunt motor. The lamp-con- 
trol switch is set at 3 volts for. viewing and cali- 
brating purposes, and at 3.5, 4, or 5 volts for slow-speed _ 
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or high-speed oscillograms. A double-pole knife switch 
is provided with an arrangement so that it may be 
closed by the operator pulling a cord from a distance. 
The closing of this switch starts up the motor, lights the 
lamp, starts the remote control mechanism functioning 
in the power apparatus, and causes an oscillogram to 
be taken which will show all the desired details of the 
operation of the power apparatus. The cut-out switch 
may be connected to stop the motor as well as to cut 
off the lamp, at the end of the exposure. 


Fig. 20—CoNTROoL UNIT ror LAMP AND MOTOR 


VIBRATOR RESISTORS 


The standard resistor unit to control the 6-element 
galvanometer is shown in Fig. 21. This consists of 
four sections of 5000 ohms each and four sections with 
50 ohmseach. There are eight dial switches, to control 
these units, and six double-pole knife switches in the 
vibrator circuits. This whole resistor unit, with a total 
of 20,200 ohms of non-inductive resistance, fits under the 
galvanometer compartment in the main case of the 
oscillograph. This arrangement places sufficient resis- 


tance in three of the vibrator circuits to take transient | 


potential peaks up to 1500 volts. One 5000-ohm unit 
acts as a spare and may be placed in series with any of 
these three vibrators so as to catch a peak of 3000 volts. 
This spare may be placed in series with a fourth low- 
resistance vibrator so as to record four simultaneous 
voltages. Likewise three of the low-resistance sections 
are permanently connected in series with three other 
vibrators. A fourth low-resistance section may be 
connected in series with any vibrator so as to give con- 
trol of voltage in small steps. 

_A fuse is included in each vibrator circuit. This fuse 
is strung with vibrator ribbon. Since the ribbon of the 
fuse is in air and the ribbon of the vibrator is in oil, the 
fuse is a very good protection to the vibrator. A fuse 
is also made with a spring which keeps the fuse at a 
greater tension than the vibrator strip. With this 
arrangement the fuse is a perfect protector of the 
vibrator. 


HORIZONTAL RESISTOR 


The resistor unit for the horizontal galvanometers is 
set in below the surface of the top of the oscillograph as 
shown in Fig. 14. "This unit has three: 50-ohm rheo- 
stats, toggle switches, fuses, and sets of binding posts. 
This arrangement is suitable for controlling the 7th, 
8th, and 9th vibrators when used to record current, or 
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potentials below 10 volts. For power-circuit investi- 
gation: one of these vibrators may be used to record 
eurrent from neutral to ground; another one mechanical 
movement of a circuit breaker, or relative displacement 
of certain parts; and the last, rev. per min., pressure, 
relay action, or some other function which may not bea 
pure electrical quantity. 


SIMULTANEOUS VIEWING AND PHOTOGRAPHING 


An attachment has been developed’ whereby the 
operator may continuously view several waves during 
the photographic exposure, as well as just previous to it. 
This is made possible by shifting three of the optical 
slots, with the levers marked ‘7,’ "8," and “9,” shown 
in Fig. 18, so that three of the vertical ‘galvanometers 
have two light beams apiece, one beam being reflected 
back to the film holder and the other to a reflecting 
prism and thence up to the viewing attachment in its 
new position over the optical box. Since there are but 
nine beams of light, the sum of the number of waves 
photographed and the number simultaneously viewed 
cannot be more than nine. Three of the waves viewed 
can be simultaneously photographed. When the six- 
element galvanometer is used without the 7th, 8th, 
and 9th galvanometers, it is possible both to photo- 
graph six waves and to view simultaneously three of 
them, and the viewing can be done both before and 
during the exposure. This simultaneous viewing and 
photographing attachment is very valuable for certain 
investigations where unusual conditions develop at 
Irregular intervals. 


A-C. SUPPLY UNIT 
A unit (Fig. 22) has been developed, with a trans- 
former, a back-geared induction motor, proper fuses and 


switches, and convenient leads to connect this unit to the 
oscillograph. This outfit is on a base similar to that 


Fig. 21—StTANDARD RESISTANCE UNit To CONTROL THE SIX 
ELEMENT GALVANOMETER 


of the oscillograph case, but considerably shorter. 
The unit will operate from 100-120 volts or 200-240 


volts supply of 25, 50, or 60 cycle frequency. Thisisa 


very desirable auxiliary for laboratory testing. It 
gives a speed range for the rotating film of from 685 
rev. per min. down to 6.1 rev. per min. with 25 cycle 
supply, or 1010 to 15.1 rev. per min., with 60 cycle 


5. See the authosr’ discussion of Mr. Curtis’ Paper in the 
A. I. E. E. Trans., Vol. XLIV, 1925, pp. 271 and 272. 
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supply. This means from 0.04 sec. to 6.75 sec. per 10-in. 
Jength of film. With the long film holder, the lower 
limit of speed would be 720 sec. (or 12 min.) for 24 ft. of 
film. This outfit is particularly good for simultaneous 
viewing and will operate the viewing attachment con- 
tinuously, and give excellent repetition of film speed 
when hundreds of oscillograms are to be taken with a 
constant time component on all films. The heavy- 


Fic. 22—A-C. SurPLY UNIT WITH TRANSFORMER AND BACK- 
GEARED MOTOR 


current low-voltage winding of the transformer nor- 
mally gives 5 to 5.5 volts. This voltage is cut down 
by the lamp control switch in the oscillograph. This 
method of resistance control will not be satisfactory for 
automatic operation on chance disturbances. The 6- 
volt battery is better for this application. 


RELAY FOR AUTOMATIC OPERATION 


Single, automatic operation of any one of the incan- 
descent-lamp portable oscillographs is extremely simple. 
Best results are obtained when the 3-volt lamp is thrown 
directly across two cells of a large lead-plate storage 
battery. A standard (type MC) multi-contact relay 
can be supplied with a special double coil which closes 
on 8 to 5 amperes a-c. and is held in by 4 to 6 volts d-c. 
until cut off by the oscillograph. This connects 4 volts 
directly to the lamp and 6 volts to the motor terminals. 
The standard cut-out switch on the oscillograph can be 
connected to drop out the relay and disconnect the 
battery at the end of the film. One set of contacts, 
on the relay, short circuits the a-c. pull-in coil after 
exciting the d-c. hold-in coil. Thus the relay will drop 
out at the same or lower current than that at which it 
pulled in. If the a-c. coil was not short circuited, it 
would not drop out until after the current was reduced 
to a much lower value than that which closed the relay. 

If all resistance is cut out of the circuit between the 
= battery and the lamp (heavy leads must be used), then 
the lamp will attain full photographie brilliancy in less 
than 1% sec. after the closing of the relay contacts. 
'The motor will attain its speed soon after, and a perfect. 
record will be taken of the power surge which follows a 
chance disturbance in the power system, provided an 
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abnormal current flowed through the relay coil located 
in the secondary of a standard current transformer. 


'TERMINAL PANELS 


When the oscillograph is to be used solely for a-c. 
power applications, and especially when the apparatus 
is to be kept on the line continuously, the 20,000-ohm 
non-inductive adjustable resistance may be omitted, 
and either fixed resistors, or oscillograph potential 
transformers, supplied in its place. Standard terminal 
panels ean be used on the oscillograph when the large 
resistor unit is omitted. Oscillograph potential trans- 


formers (120 volts to 1.2 volts) can be mounted on 


these panels together with low resistance units, fuses, 
switches, protections, ete., according to the individual 
requirements for any particular service. © 


FULL AUTOMATIC OPERATION UNIT 


A full-automatic operation panel has been developed 
for the multi-element oscillograph. This is much 
more complete, and more costly in construction, than 
that used with the Power Osiso. This outfit replaces 
the standard control unit for lamp and motor, and 
operates automatically on. chance disturbances in. 
power lines. Fig. 23 shows the complete, internal, 
wiring diagram. The front of the panel looks much 
like the standard panel which is replaced. However, 
the lamp-control switch is replaced by a 6-circuit 
relay, the switch stop is replaced by a thermostatic ' 
relay, and the double-pole switch by a duration-control 


Fig. 23—DIAGRAMMATIC SKETCH OF THE PFPurr-AuTOMATIC 
OPERATION UNIT ` 
rheostat. The double-coil relay has four sets of making 
contacts and two sets of breaking contacts. One 
making contact, K-1, short circuits the 5-ampere a-c. 
pull-in coil (P). Two other making contacts (K-2 and 
K-5) are used in parallel to connect the. lamp (L) 
across the 4 volts of the large storage battery. The 
remaining making contact is used to connect the motor- 
to 6 volts from the battery. The two break contacts 
(K-3 and K-4) may be used to short circuit the current 
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coils of two instantaneous wattmeter galvanometers, 
if so desired. 


The duration-rheostat controls the amount of heat 
that will be supplied to the bimetallic strip of the 
thermostatic relay (T). This thermostatic relay, 
together with the standard oscillograph contactor (C), 
controls the duration of each automatic operation. 
The cut-out switch (O) cuts off the lamp and the d-c. 
holding coil (H), at the end of film. The motor 
rheostat controls the shunt field current so as to obtain 
the proper speed of the film. | 


This apparatus may be used for three types of 
operation: First, for a staged test, such as deliberately 
throwing a short circuit on the power system to record 
what happens immediately before, during, and after 
the application of the short circuit. Second, for one 
or more automatie operations to be recorded on the 
ten-in. length of film on the rotating-drum holder. 
Third, for one or more (usual many) automatic 
. operations to be reeorded with the long film attach- 
ment so that each record may be of a definite length, 
both as regards time and distance traveled by the 
film. For staged test: The selector switch is thrown to 
S, the relay closes on d-c., the motor starts, the lamp 
lights, a few seconds later the remote-controlled 
apparatus is set into action, the proper time later the 
shutter opens and the exposure starts on the film, so 
as to give a few cycles record of open-circuit voltage 
followed by short-circuit conditions and the surge 
of power which follows. At the end of the film the 
shutter snaps closed and cuts off the lamp and drops 
out the relay. The controllable delay in the closing of 
T gives the operator time to leave the apparatus, if 
located near a dangerous short circuit. 


For automatic operation with the rotating drum film 
holder, the selector switch is set at A. The deter- 
mining over-load current (in secondary of a standard 
current transformer) closes the relay which is then 
held in by the battery current. The lamp lights and 
the motor comes up to speed immediately. A record 
of short-cireuit current is made before the circuit 
breaker can start to clear the line, the recording con- 
tinues during the action of the breakers and during the 
power surge which may follow. When the predeter- 
mined period of time has elapsed the thermostatic de- 
vice causes the relay to drop out and thus cut off the 
lamp and motor. Allis then ready for another chance 
overload. At the end of the film the shutter closes 
and knocks open the cut-out switch so no further 
operation will follow until the film is changed and the 
shutter reset. 


IDEAL REPEATED AUTOMATIC OPERATION 
Repeated automatic operation with the long-film 
attachment can be made very definite as to time dura- 
tion and exposed length of film by the action of the 
contactor C in series with the thermostatic contact of T. 
Every revolution of C represents 14 revolution of the 
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main drum of the long-film holder, or 4 in. of film. 
By proper setting of the duration rheostat the thermo- 
static element can be made to operate before the driving 
head has made one revolution, so as to make each 
record 4 in. long. Likewise this may be set for two 
or for three revolutions, so as to give exactly 8 or 12 
in. of record for each disturbance. This represents 
24, 12, or 8 successive operations on chance distur- 
bances for an 8-ft. film, or a maximum of 76 exposures 
on a 24-ft. film. Each exposure lasts from 2 to 15 sec., 
depending on the adjustments made. In most cases 
of automatic operation it will be necessary to use the 
gear-reduction unit between the 6-volt motor and the 
film driving head, in order to obtain a reasonably slow 
speed for the film, and corresponding low operating 
cost. However there is no need for this gear-reduction 
unit when it is desired to drive the film 8 in. per sec., 
or faster. This speed could be used to drive through a 
3-ft. film in less than 5 sec. 


A resistance between the binding posts marked 
“LAMP” and “RES” is normally short-circuited by a 
link. This link is to be removed whenever the lamp 
is to be kept lighted for any length of time, such as 
during visualization with the viewing attachment. 

Great care should be used to eliminate all series 
resistance in the lamp circuit when it is desired to 
have the lamp come up to full brilliancy as soon as 
possible, as on automatic operation. 


APPARATUS RECUIRED FOR SATISFACTORY TESTS ON 
POWER LINES 


The requirements of oscillograph apparatus may 
vary considerably according to the data required. 
The chief necessary parts might be summarized .as 
follows: 


A. At least three permanent magnet galvanometer 
elements and at least one instantaneous wattmeter 
element to show average watts, kv-a., and power 
factor. A total of nine elements may be included 
in one standard outfit. | 

B. A 20,000-ohm resistor unit with dial switches 
is very convenient for general testing with six elements. 
For power tests it may ke possible to use 120 to 12 
volt potential transformers to replace the high resistors. 
The three additional elements seldom require more than 
50 ohms adjustment apiece, such as is supplied in the 
top panel described. 

C. No special relays are required for general testing 
and for staged tests. The lamp-control panel of the 
standard oscillograph is well suited to all such tests. 
When the oscillograph is to be used mainly for auto- 
matic operation on chance disturbances it is very 
convenient to have the full-automatic panel designed 
for this purpose. However, relays may be used external 
to the standard outfit and give fairly satisfactory 
results. 

D. A daylight-loading. high-speed rotating-drum 
film holder is very desirable for general testing, but 
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may be replaced by a daylight-loading long-film 
holder for repeated automatic operation on chance 
disturbances. The latter will take films up to 24 ft. 
in length. 

E. Ashutter mechanism, remote-control and lamp- 


extinguishing switches are very valuable for staged 


tests, but are not needed when the outfit is to be used 
solely for automatic operation with the long film holder. 

F. For purely laboratory testing, it is convenient 
to use an a-c. supply unit with transformer and back- 
geared induction motor for driving the film at any 
desired speed. 

G. Asturdy 6-volt shunt motor has proved to be so 
valuable that it is included in every outfit. This 
motor is ideal for automatic operation on chance over- 
loads in power systems. 

H. Anyone who obtains a 3-element oscillograph 
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will appreciate the fact that it may be made into a 6- or 
9-element outfit whenever needed. 

I. Mere compactness of apparatus amounts to 
little compared with the increased reliability and ease 
of operation which is insured by proper design and 
construction of these instruments. | 

Many oscillographs of this general type have been 
used throughout this country, Japan, and Europe. 


Discussion 


R. D. Evans: There is one point [ should like to emphasize 
in connection with the instruments described, that is the use of 
the power or watt element. We are so accustomed to oscillo- 
graphie records of voltage and current that a power element 
record seems a little strange. Power records are, however, so 
useful for determining what has happened on power systems, 
that I am sure the use of the power element will find wide 
applieation. 


High-Voltage Oil Circuit Breakers for 


Transmission Networks 


BY ROY WILKINS: 


Member, A. I. E. E. 


HE standards of the American Institute of Electri- 


cal Engineers define an oil circuit breaker as a 

"device (other than a fuse) constructed primarily 
for the interruption, in oil, of a circuit under infrequent 
abnormal conditions." Common usage; however, has 
sanctioned the use of the term ''eireuit breaker" as 
applying to a device for the regular and usual inter- 
ruption of an energized circuit as distinguished from a 
switch used only for opening circuits which are de- 
energized or not carrying load. This paper will con- 
sider only high-voltage oil circuit breakers, the term 
“high voltage” being taken as applying to potentials 
of 25,000 volts or above. 

The fundamental purpose of a high-voltage trans- 
mission network is to deliver power with a maximum of 
reliability at a minimum expense. 

The high-voltage oil circuit breaker is an integral 
part of a transmission network. It is purchased not to 
demonstrate whether or not it will fail under operating 
conditions, but to insure service under both normal and 
abnormal conditions. | 

In every paper on transmission line stability 
presented before the Institute during the past five years, 
the importance of fast and accurate switching has been 
emphasized. The present paper proposes to outline in 
a general way how present day high-voltage oil circuit 
breakers fulfil some of the operating requirements of 
transmission networks. 

It may be said that oil circuit breakers are in use 
today only because no better substitute has been 
developed. In them, the function of the oil is to in- 
sulate the contacts one from another and from the tank 
or ground. Mineral oils with a relatively high flash 
point are the only insulating mediums thus far available. 
It must be noted, however, that during the time of 
arcing the oil is a decided detriment to the breaker. It 
becomes volatilized and builds up excessive pressures 
in the container, and it becomes ionized and forms a 
conducting path which aids rather than hinders the arc. 
If it were possible to so construct a breaker, it would 
be better to separate the contacts the required distance 
and then introduce the oil at the zero point on the 
voltage wave. This is not a practical possibility and it 
is therefore necessary to have the contacts immersed in 
oil at all times. 

Many substitutes for oil have been proposed and tried 
with varying degrees of success, and of these a high 
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vacuum seems to offer the greatest possibility of an 
ultimate solution to the problem. A one-half inch 
travel of contacts in a high vacuum is equivalent to a 
great many inches of travel under oil, and many possi- 
bilities present themselves. The practical application 
of the knowledge is a real problem. An exceptionally 
high vacuum must be continually maintained under 
service conditions, and means must be developed for 
moving the breaker contacts the necessary inch or so 
within this vacuum before the switch can be made ready 
for general application. Of the other alternatives to oil, 
mostly hydrocarbons, which have been tried, none so 
far has been able to supplant the petroleum derivatives 
except for very special uses and even then only to a 
limited extent. 

From the foregoing it is seen that there is no im- 
mediate prospect of using any current interrupting 
device for the control of high-voltage transmission 
networks other than the oil circuit breaker using a 
mineral oil as the insulating medium. It must therefore 
be the foundation upon which to base the immediate 
developments to secure improvements which will 
better fit it for the duties it must perform. That im- 
provements are necessary and urgently needed is ob- 
vious to all operating men.’ 

The object of an oil circuit breaker is to interrupt 
current. For the purpose of this discusssion the charac- 
teristics of the interruption may be divided into two 
general groups, which may each be further subdivided 
for special consideration as follows: 


I Characteristics influenced by the operation of the 
oil circuit breaker. 


a. Speed of break 


b. Current (to a limited extent) to be 
interrupted. 


II Characteristics dependent upon the connected 
circuit. 
a. Power factor, 
b. Recovery voltage, 
c. Phase balancing, 
d. Growth and decay of current values, 
e. Resonance. 


The subheading, I-a, may be stil further sub- 
divided for a study of the manner in which the speed 
of break is controlled: 


2. Vacuum Switching Experiments at California Institute of 
Technology, R. W. Sorensen and H. E. Mendenhall, A. I. E. E. 
JOURNAL, December, 1926, p. 1203. 

3. A.I. E. E. Trans., Vol. 43, 1924, pp. 656-657. and Elec. 
World, Feb. 5, 1927, p. 302. 
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I-a. Speed of break. 
1. Speeding up moving parts by, 
a. Spring retracted contacts, 
- b. Accelerating springs, 
e. Quick break contacts, 
d. Explosion chamber contacts. 
2. Multiple breaks. 

The manner in which the speed of break is affected 
by the several methods listed above will be considered 
as exemplified in present day operating practise. 

a. Spring retracted contacts were first used exten- 
sively on oil immersed fuses which were in reality oil 


circuit breakers with a fuse as the tripping mechanism. 


Fic. 1 


Fro. 2. 


They were developed and used in Europe prior to 1904 
and have: been thoroughly described in the technical 
journals of the time.‘ Letters patent covering this 


type of apparatus were granted in the United States in. 
This type of equipment is doubly interesting . 


1905.5 
at the present time because the surviving examples 
represent at the same time the highest contact speed and 
the smallest physical dimensions of commercial current 
interrupting devices for use on high-voltage circuits. 
The speed of break. attained in a 1)4-ampere, oil filled 
spring retracted fuse with 7-lb. (3.17 kg.) pull is ap- 
proximately 40 ft. per sec. (13.1 m.persec.). An 
example of its performance with 1600 ohms resistance 
in series is given in Fig. 1 and with 300 ohms series 
resistance in Fig. 2. Both tests were made intheshort- 


.. circuited phase to ground connection of a grounded Y 
- 110-kv. circuit. 


b. Accelerating springs are ET at present on most 
They may ‘be 
compression or tension springs or both, and in some 
cases both types may be found in the same breaker. 
Such springs are for the most part extended or com- 
pressed, (depending upon thetype), by the final action of 
the closing mechanism of the breaker and serve both as a 


4. Elektrotech. Zeitsch., June 9, 1904, F. Collischonn. 
5. Patent No. 781,347 to Christian Kramer, Jan. 31, 1905. 
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damping agent on the closing stroke and for accdiauin 
of the contacts on opening. In certain cases, the con- — 
tacts themselves serve such a purpose, as for instance in 
the Westinghouse butt contacts, which are spring- 
supported or the condit eontacts which are of laminated 
leaf copper type. The effect of these contacts can 
be seen clearly in the accelerated travel of the moving 
member, which slows down again after the contacts 
part. See Fig. 6. 

There are two major objections to the accelerating 
springs in general use. First, their effect is minor so 
far as a reasonable amount of speed in concerned, the 
maximum recorded being about one-half ft. per sec. 
(15.2 em. per sec.);and second, they absorb energy at a 
time on the closing stroke when it cannot well be spared 
from most types of closing mechanisms. If greatly 
strengthened, they give rise to uncertain closing and hair 
trigger adjustments, already too much condemned by- 
operating engineers to require further discussion. 
Suffice it to say that present day breakers require 
too many critical adjustments, and development must 
be toward a reduction in their number rather than any 
tendency to make them more critical. 

c. Quick break contacts usually take the form of 
auxiliary contacts and serve two purposes,—first, to 
Increase the separation betwen contacts in a .given 


INCHES FROM CLOSED POSITION 


Fra. 3—CALIBRATION OF Position Inpicator—110-Kv., 400- 
Amppre Ort Circuit BREAKER 


Vaca—Dixon Substation—June 20, 1926 


time, 4. e., to reduce the time of arcing; and second, 
to preserve the main contact surface by breaking the 
arc on replaceable auxiliary contacts. 

From an operating standpoint the time and energy 
required to operate the quick breaks is an advantage 
to the oil circuit breaker, gained at the expense of the. 
system on which it operates. This comes about by 
reason of the fact that all varieties of quick. break 
contacts now available delay the opening time until the 
contacts have traveled a sufficient distance to bring the 
quick break into action. Figs. 3 and 4 show the speed 
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time curve of a Pacific Electric Manufacturing Com- through the use of the explosion chamber type of con- 
pany, 110-kv., 400-ampere, six-break, oil eireuit breaker tacts. These are a development of the original Type H 
with contacts arranged as shown in Fig. 5. In this 
case, the main contacts part after 3 or 4 in. (7.5 or 10 
cm.) of travel from the closed position, whereas the 
arcing contacts do not part until 8 or 10 in., (20 or 
25 em.) of travel has been obtained. This requires 
0.075 sec. or more than 4 cycles on a 60-cycle system. 


ipping Relay Energized | 


Closing Relay s 
nergized 


INCHES FROM CLOSED POSITION 
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Fie. 6—PosrrioN INDICATOR CALIBRATION 


Westinghouse type G-2, oil circuit breaker, with rotating release arcing 
tips, at Vaca—Dixon Substation—June 26, 1926 . 
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Fic. 4—INTERRUPTION oF Pit Linz CHARGING CURRENT WITH 
110-Kv., 400-AMPERE Orr Circuit BREAKER 


Vaca—Dixon Substation—July 12, 1926 


Fig. 6 shows thespeed—time curve fora Westinghouse 
Type G-2, 187-kv. oil circuit breaker of the type used on 
a 220-kv. grounded Y system in which the quick break 
contacts have the form shown in Fig. 7. With this 
breaker, the main contacts part about 114 in., (4 cm.) 
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from the closed position and the quick break auxiliary E o 
contacts about 10 in. (25 em.) from the closed position. lag 


This requires about 0.25 sec. or 15 cycles on a 60-cycle 

system. The speed obtained on the quick break con- (Moving Member) 

tacts themselves is about twice that of the main con- Fic. 7—Bayonret-Type Hieu-Spezp Conracr (Rotary Fors) 

tacts so that the are when started is extended at about 

three times the main contact speed. oil cireuit breaker manufactured by the General Electric 
d. Inereased contact speed may also be gained Company, and may be found in the high interrupting 
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capacity breakers of the General Electric Company in 
the United States, and its affiliated companies, notably 
the A. E. G., in Europe. The principle of the explosion 
chamber contaet is illustrated in Fig. 8 and is too well 
known to require any extended description here. 

In this type of contact the speed of break is obtained 
by virtue of the gas pressure in the contact chamber 
acting on the rod as a piston. The gas pressure is 
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Fig. S8—'TvricAL OUTLINE OF SINGLE-PoLE ELEMENT OIL 
Circuit Breaker, 110,000 VOLTS AND ABOVE 


generated by the arc acting on the oil within the ex- 
plosion chamber and depends upon the clearance be- 
tween the contact rod and the explosion pot entrance 
bushing and the amount of oil volatilized. The amount 
of oil volatilized depends upon the current in the are 
and the time of arcing. This means that high currents 
will cause increased contact speed over lower currents. 

Fig. 9 shows the speed—time curve of a General 
Electric F H K O-36-33C, 115-kv., oil circuit breaker at 
no-load, and Fig. 10 shows the speed—time curves for 
the same breaker when interrupting 300 amperes of 
line charging current. In this type of contact the 
clearances are determined by the maximum amount of 
current to be interrupted and the maximum speed the 
contact member is permitted to attain. Inthe example 
given above, the maximum speed was 5.6 ft. per sec. 
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(1.8 m. per sec.) while in the extensive Canton tests* 
the contact speeds were between 6 and 7 ft. per sec. 
(2 and 2.8 m. persec.). The contact speeds attained | 
at the Alabama Power Company tests’ on explosion 
chamber breakers were between 4.75 and 6.6 ft. (1.56 
and 2.16 m. per sec.). This type of breaker obtains 
increased contact speed at the expense of the oil in the 
circuit breaker. | | 

The breakers thus far considered have all been of the 
two-break type, and the total length of arc in all makes 
is approximately the same. The contact speeds are 
also of the same order and range from 3.5 ft. (1.15 m.) 
per sec. to somewhat less than 7 ft. (2.8 m.) per sec. 
In order to better appreciate what these speeds repre- 
sent, it may be well to convert them to mi. per hr., 
a term universally familiar to all. Thus we see that 
8.5 ft. (1.15 m.) per sec. is only 2.4 mi. (8.86 km.) per 
hr., 5 ft. (1.64 m.) per sec. is 3.41 mi. (5.5 km.) per hr. 
and 10 ft. (8.28 m.) per sec., 6.82 mi. (11 km.) per hr. 
which is only slightly above the speed of a brisk walk. 
Present day high-speed d-c. circuit breakers have a 
speed of approximately 200 ft. (65.6 m.) per sec. 

Speed of contact travel is the only feature of the 
breaker which may be varied to reduce the time of 
arcing, and when it is considered that it is at present 
usual to ask for interrupting capacities of a million kv-a. 
or more, it would seem logical to greatly increase the 
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Fic. 9—CaLiBRATION oF PosrrioN INpiCATOR—115-K v., 400- 
AMPERE OIL CrrcUIT BREAKER 
Vaca-Dixon Substation—July 10, 1926 


speed of contact travel. The effect of increased con- 
tact speed will be discussed later. 

Under the heading I-a, Speed of break, there still 
remains the consideration of the second subdivision, 
Multiple breaks. By common usage the term multiple 
break has been considered to apply to circuit breakers 
employing more than two simultaneous breaks in series 


6. JournaL A. I. E. E. July, 1927, p. 698, Tests on Oil Circuit 
Breakers, by Sporn and St. Clair. 

7. J. D. Hilliard, Circuit Breaker Tests at Bessemer, Ala., 
TRANS. A. I. E. E., 1924, p. 636. 
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to interrupt the circuit.. American manufacturers of 
this type of breaker are the Condit Electric Manu- 
facturing Company (Brown Boveri type) the Kelman 
Electric and Manufacturing Company and the Pacific 
Electric Manufacturing Company. The Brown Boveri 
switch tested at Canton® was an imported breaker, but 
almost identical with the American built breakers of the 
same design. This was a type AF 24/1A, 150-kv. 
breaker with ten breaks in series per pole. It had a 
contact speed of from 1.7 to 2.2 ft. (0.56 to 0.72 m.) per 
sec. and a contact travel of a little.less than one foot, 
(0.3 m.). 

The Pacific Electric breaker has six breaks in series 
per pole, the contacts rotating to make a horizontal 
break. The speed—time characteristics of this breaker 
with a solenoid operating mechanism are shown in 
Fig. 4. The most recent switches of this company are 
equipped with a motor-wound spring-type operator 
which has increased its speed of operation to give a 
contact travel of approximately 15 ft. (b m.) per sec. 
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Fic. 10—INTERRUPTION OF Pit LINE CHARGING CURRENT WITH 
115-Kv., 400-AMPERE Oir Circuit BREAKER 


Vaca—Dixon Substation—July 10, 1926 


with speed—time characteristic curves of the same 
shape as shown in Fig. 4. 

Kelman breakers also employ a six-break contact 
which is controlled through a pantograph mechanism to 
make a horizontal linear break. The breaker is sole- 
noid operated, and has a contact travel of approximately 
3.2 ft. (1 m.) per sec. 

The importance of speedin clearing trouble in a high- 
voltage transmission network cannot be too strongly 
emphasized. As systems grow in size and the amounts 
of power available at a fault increase, it becomes more 
and more necessary to isolate the fault in the shortest 
possible time. With the large amounts of power avail- 
able, great damage is done in a very short space of time 


8. Spornand St. Clair., Tests on Oil Circuit Breakers, Jour- 
NAL A. I. E. E., July, 1927, p. 698. 


and the very existence of the network depends upon the 
quiekness and accuracy of the switching. 

Relays have been developed and applied to line pro- 
tection to such an extent that it is now practicable to 
relay a line so that troubles causing a flashover can be 
cleared before material damage is done to the line 
insulators or conductor more than 90 per cent of the 
time. Relays are now in operation which will close 
their contacts selectively on grounds on one of a pair of 
parallel lines in a definite direction on both ends of 
that line in considerably less time than is required for 
any available high-voltage oil circuit breaker to open 
its contacts after the trip coil has been energized. 

It will be shown later that the time required to open 
the contacts of a present day high-voltage oil circuit 
breaker is roughly one-half the total time required to 
clear the average case of trouble. Exception to this is 
made in the case of the breakers with explosion chamber 
type contacts where the time is greater or less dependent 
upon the particular design and the current to be inter- 
rupted. Itis therefore evident that the time consumed 
by the relays in discriminating between circuits and 
starting the necessary operations to trip the switch is 
approximately only one-third of the total time required 
to clear the circuit. The balance of the time is taken 
by the oil circuit breaker itself in completing the inter- 
ruption and is unnecessarily long. That increased 
speed is desirable seems to be universally accepted. 
The best method of achieving this increased speed 
seems very much debated. From an operating stand- 
point, however obtained, higher interrupting speeds 
would benefit both the breaker itself and the system of 
which it was a part. 


LIMITATION OF CURRENT 


In the foregoing outline under subheading (b) as a 
characteristic of the circuit interruption influenced by 


. the oil circuit breaker was given the limitation of the 


current to be interrupted. 

In such breakers as have this feature incorporated, 
it is usually accomplished by the insertion of resistance 
into the circuit before the final rupture takes place. 
European breakers use this feature much more often 
than those manufactured in America, one reason being 
that the greater proportion of European oil circuit 
breakers are multiple contact and lend themselves 
particularly well to such treatment. 

The mechanical design of high-voltage oil circuit 
breakers is not yet advanced to a point where the 
resistance feature can be added without reducing the 
mechanical reliability of the breaker below a safe 
minimum in many cases. 

However, low-voltage circuits for heavy duty are 
customarily equipped with external reactors to reduce 
the duty on the oil circuit breaker and are considered 
sound practise even though they entail a continuous 
loss often for the sole purpose of protecting the oil 
circuit breaker momentarily during trouble. 
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‘The expense and operating difficulties attending the 
use of external reactors for high-voltage work has pro- 
hibited their use for 60 kv. or above, except in a few 
isolated cases. The mechanical difficulties attending 
their use internally on a two break oil circuit breaker 
have likewise prohibited their use in that direction in 
this country. 


CHARACTERISTICS DEPENDENT UPON THE CONNECTED 
CIRCUIT 


Assubheadingsunder those characteristics over viel 
the oil circuit breaker has'no control are grouped: 
(a) power factor, (b) recovery voltage, together with 
others to be considered later. 

Because of the fact that the current in an a-c. circuit 
is broken at or near the zero of the current wave the 
duty on the breaker is least at unity power factor since 
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reasonably good and operating practise has determined 
also that by far the major portion of high tension net- | 
work troubles are from conductor to ground. 


In practise, therefore, the power factor of the circuit, 
while important, is not vital to an oil circuit breaker 
with any reasonable margin of safety except in special 
eases which will be considered later. Coupled with 
power factor is recovery voltage usually defined as the 
voltage across the oil circuit breaker contacts in the 
first half cycle after the circuit is interrupted. 


The only thing definitely established regarding 
reéovery voltage on an operating network is that it is 
not the simple vector relation of normal voltages that a 
single generator gives on test. All of the transient 
characteristics of the connected equipment influence 
it sometimes for several cycles after the arc has cleared. 
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Fic: 11—INTERRUPTION or SINGLE-PHASE Grounp on Pit Ling No. 1 (System CONNECTED) 


Vaca—Dixon Substation—July 9, 1926 
Y — B P contacts open 
El. 1—Position indicator 
El. 2—Arc volts B phase 
EI. 3—B. phase current 
El. 4—50-cycle timing 


the voltage across the contacts is also zero at that time. 
With a decrease in power factor two things happen: 


First: The voltage available to strike across the gap 
and reestablish the arc is higher being a maximum at or 
near zero power factor since the voltage is a maximum 
when the current is zero at that time. 


Second: Since the character of the circuit interrupted | 


determines the character of the voltage wave across the 
contacts, the arc voltage on inductive circuits has the 
characteristic horns as discussed in many texts.? 


These horns for metallie electrodes under oil are very 
sharp, frequently too sharp to be recorded satisfactorily 
on the commercial oscillograph and are often equal to 
or,slightly greater than the nominal circuit voltage at 
the time of interruption. 


Contrary to the usual idea, system stability tests have 
demonstrated that in practise the power factor of a 
ground on a high-tension network may have been 


9. Alternating Current Phenomena, C. P. Steinmetz, Pages 
353-357. 


PHASE BALANCING AND GROWTH AND DECAY OF 
CURRENT VALUES 


In low-voltage networks and particularly in oil circuit 
breaker tests on a single generator the current to be 
interrupted begins to decrease after the first half cycle 
of short circuit. It is therefore, as a rule, easier for the 
oil circuit breaker to clear the circuit several cycles 
after the short circuit is applied. 

Most troubles on such generators and networks are 
between phases so that such tests represent a practical 
operating condition. 

High-voltage network troubles are more often from 
wire to ground; on the sytem of the Pacifie Gas and 
Electric Company for instance, on 60 kv. and above, 
over 95 per cent of all line trouble is from phase to 
ground. For such conditions the initial short circuit 
current may be only a fraction of the final value to be 
interrupted. 

Fig. 11 gives an oscillograph record of a wire T wound 
short circuit on one of two parallel 220-kv. lines with the 
system in normal operation cleared by relay in the 
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usual way, leaving the second line in service. The 
current in this case increased for some 5 or 6 cycles and 


was then practically constant until interrupted. "This: 


is due to the so-called phase balancing action and in 
some cases has given as high as a 2 to 1 ratio between 
initial and maximum amperes. "The same thing takes 
place if the several phases of an oil circuit breaker do 
not interrupt the circuit simultaneously although this 
trouble is largely eliminated from present day oil 
circuit breakers.!° 


RESONANCE 


Of all the phenomena occurring during the interrup- 


tion of a high-tension circuit as part of an operating 
network, there remains the one probably the least 
understood,—resonance. At the instant the contacts 
part, an arc is established. It has a so-called negative 
resistance due to the fact that the initial stream of 
ions and electrons under the influence of a high potential 
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This has an immediate and practical application in 
high-tension oil circuit breaker practise because on 
every line that is cleared in trouble to ground at least 


two phases at one end must interrupt charging current > 


which may or may not be the nominal charging current 
of that line. 

In Fig. 11 was given a record of the interruption of 
a single-phase 220-kv. ground of some 2430 amperes. 

Fig. 12 gives the record of the same oil circuit breaker 
on the same 202-mi. line interrupting 156 amperes of 
charging current at 220 kv. 

The length of arc, slightly under 19 in. per contact, 
was the same, the contact burning the same so far as 
visual inspection could determine, and the deterioration 
of the oil the same. Figs. 13 and 14 ave these plotted 
in the form of curves. 

It is to be noted that after the first ewe cycles the 
current builds up at the natural period of the line to 
values much in excess of the normal 60-cycle charging 


Fic. 12—Pir Line CHARGING CURRENT INTERRUPTION AT 220 Kv. 


Vaca-—Dixon Substation—June 26, 1926 
X—A-phase contacts open Y — B phase Z — C phase 
El. 1—Position indicator El. 5—B phase current, 
El. 2—O phase current El. 6—Arc volts B phase 
El. 3—A phase current El. 7—Arc watts B phase 
. El. 4—50-cycle timing El. 8—50-cycle timing 


gradient cause additional ions and electrons by collision. 
This in effect increases the area of the arc and decreases 
the resistance. 


At the start of the break there is a relatively low |. 


potential across the arc and the effect of arc voltage is 
scarcely noticeable. As the contacts part the voltage 


across the arc increases and the current growth for each. 


cycle is determined more and more by the character- 
istics of the connected circuits frequently differing 
greatly from the system frequency. 

This ability of the arc to convert from one frequency 
to another is well known in communication but is little 
appreciated by transmission engineers and practically 
no data on the effect of series arcs in a circuit containing 
capacity and reactance are available.!! 


10. Practical Aspects of System Stability, R. Wilkins, A. I. E. E. 
Trans., Vol. XLV, 1926, p..41, (Fig. 7). 


current, the speed of current growth being greater for 
short sections of line since the characteristics change 
for them. 

In practise such records have been taken for several 
makes of 110-kv. oil circuit breakers for identical con- 
ditions using the several methods of increasing contact 
speed from two break breakers with a speed of less than 
4 ft. per sec. per contact to 6-break breakers with a speed 
of 15 ft. per sec. per contact and a range of arcing time 
from 12 cycles on the slower speed to 2 cycles on the 
higher speed. 

The total are length increases for a given duty on 
most types as the speed increases at some rate less than 
the speed increase, 7. e., a 6-break oil circuit breaker has 
a greater total are length, but amuch shorter length per 


11. C. P. Steinmetz, Frequency Conversion by third Class Con- 
ductor, A. I. E. E. Trans., Vol. XLII, 1923, p. 470. 
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contact than a two-break oil circuit breaker for the same 
duty. | | 

The important point often overlooked isthat the high- 
speed breaker clears the disturbance in much less time 
with much less damage both to the system and to the 
breaker. 

There is no virtue in making an elaborate contact 
arrangement and then slowing the whole mechanism 
down to the same total speed as a simple one break 
breaker. Buta breaker which will clear a given trouble 


o 
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Fic. 18—SiNGLE-PHAsE Ground on Pit Line No. 1 


Equipped with rotating release arcing tips. Breaker tripped out by 
station relays. Line connected to System, at Vaca—Dixon Substation— 
July 9, 1926 


in one or two cycles is a much more satisfactory piece 
of apparatus than one requiring 15 cycles, provided it 
can be properly relayed and made to stay together. 


CONCLUSIONS 


Throughout this paper the viewpoint on controversial 
subjects has been from the practical side; that is to 
say, from the position of the operating man rather than 
the manufacturer. "This as is it should be, for design 
must meet the requirements of the operating man who 
purchases and uses the apparatus. 

The primary assumption has been made that the 
function of a transmission network is to deliver power 
with a maximum of reliability at a minimum expense. 
'The oil cireuit breaker is an integral part of the network 


and has a particular and very important function to 


perform. 

Engineers engaged in the design of transmission 
networks must now plan the network to operate in such 
a manner that it will not overstep the capacities of the 
oil circuit breakers installed. These capacities are 
not definitely known and therefore large factors of 
safety must be allowed and unnecessary expense 
incurred. 

This is especially true in very high-voltage trans- 
mission lines, where both carrying capacity and stability 
are greatly improved if the lines can be broken up into 
sections by switching stations and only a relatively small 
section isolated to clear up trouble. Such a plan is 
not generally carried out because of the operating 
limitations and great cost of high-voltage oil circuit 
breakers. The oil circuit breaker is therefore the 
limiting feature to the securing of the best possible 
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operating results in electric transmission developments 
involving many millions of dollars. 

With the increase in transmission voltage and the 
large concentrations of power, there has come a new set 
of problems not previously encountered. The problems 
of transmission line stability and continuity of service 
are of the utmost importance because outages render 
large blocks of power. unproductive of revenue and 
may cause financial loss to consumers dependent upon 
continuous service. The position which the oil circuit 
breakers hold in these problems is becoming more gen- 
erally realized, their faults and shortcomings recognized 
and most important of all, their economic relation to the 
rest of the development is being clarified. This has 
taken time, for engineers and operators have formed the 
habit of unconsciously basing their decision around oil 
circuit breaker limitations. They had to be on the 
safe side, and what would have been the best solution 
of a problem may have been discarded in place of a plan 
less favorable from economic or operating results, but 
more sure of success because the circuit breakers could 
not be considered as highly reliable pieces of apparatus 
to guarantee the carrying out of the most desirable plan. 

Certain fundamental requirements may be set down 
as essential in an oil circuit breaker for use on high- 
voltage transmission networks. To meet these re- 
quirements with present day knowledge of oil circuit 
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Fig. 14—Pir Linge No. 1 CHARGING Current INTERRUPTION, 
WITH WESTINGHOUSE Type G-2 OirL Circuit BREAKER 


Equipped with rotating release arcing tips at Vaca-Dixon Substation, 
June 26, 1926 


breaker design requires a composite breaker embodying 
the strong points to be found in the designs of the several 
manufacturers. Briefly, these requirements are: 

1. The total operating time for a complete ''open- 
close-open" cycle of operations at rated current, and 
voltage shall not be more than 0.2 sec. 

2. The arcing time shall approach as close as possible 
to the ideal of one-half cycle. 

3. The energy for the switch operator shall be stored 
and available for instantaneous release. The mecha- 
nism should not have a power demand in excess of one 
kw. 
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4. The breaker shall be capable of completing 100 
normal operating cycles before any inspections or ad- 
justments are necessary. (If requirements 1 and 2 
are met successfully, there should be no trouble in 
reaching 1000.) 

5. The breaker shall be so designed that it can be 
installed, adjusted, and maintained by the average 
mechanic without especial training in oil circuit breaker 
technique. 

The growing knowledge of the important part played 
by the oil circuit breaker in a transmissiion network is 
stimulating investigations on the part of the operating 
companies to satisfy themselves as to the best circuit 
breaker for use on a given system. As has been 
previously stated, it is economically unfeasible for each 
manufacturer to maintain equipment for the testing of 
oil circuit breakers with a rating of 2,000,000 or more 
kv-a. at 220,000 volts. Also these tests at the manu- 
facturers’ plants are not conclusive for it is impossible 
to duplicate the conditioris met on an extensive, inter- 
connected transmission network, where recovery 
voltage, resonance, surges, etc., are variable and 
indeterminate. 

The only way in which it is now possible for an operat- 
ing company to satisfy itself of the suitability of any 
theory of circuit breaker design, is to conduct carefully 
supervised tests on its own system. This requires a 
maximum of courage, but if reliable service is the 
ultimate goal, all equipment must be tried and found not 
wanting. Competitive designs and theories, coupled 
with a wide range in price quotations, all in the face of a 
positive refusal to give any guarantees on performance, 
make the selection of an oil circuit breaker for a given 
installation extremely difficult. Present day knowledge 
must be amplified by further test data. 


It is entirely possible that the oil circuit breaker as 
now known, may not be the ultimate device for opening 
a-c. circuits. They are used today because they are the 
only devices which have been developed to the point 
where a reasonable dependence may be placed on their 
operation. 


The immediate problem is to combine in one oil 
circuit breaker all of the good features now available in 
the designs of the several manufacturers. By so doing 
it will be possible to approach the operating require- 
ments set down previously, and secure a breaker 
superior in performance to any now offered. Along 
with this must go continued research, looking toward 
the development of a device for the interruption of a 
high-voltage, a.-c. circuit which will be as dependable 
in its operation as is the transformer and generator. 
Pending this time, oil circuit breakers must be purchased 
and used with a full knowledge of their limitations. 


Discussion 


J. D. Hilliard: In this paper the importance of high-speed 
switching in increasing the stability of the transmission network 
is emphasized, and the conclusion is drawn that the oil circuit 
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breaker is the only piece of dependable apparatus at present 
obtainable, or likely to be obtainable in the near future which ean 
be used for this work. 

To this conclusion I think no exception will be taken by those 
familiar with the operation of interrupting devices for electric 
circuits, including the so-called vacuum switch. 

For years it has been recognized that speed was one of the chief 
factors in the construction of an efficient oil circuit breaker, but 
it was also recognized that the oil breaker must be of sturdy 
construction. By speed I mean the total time elapsing between 
the beginning of the short circuit and the complete interruption 
of the current. | 


The fact that one breaker may have a shorter arcing period 
than another may be of small moment so far as system stability 
is concerned, if the total interrupting period of the two breakers 
is practically identical, and when test data are given both the 
total short-circuit duration and arcing duration should be given, 
if a logical comparison is to be made. : 


Whether a shorter arcing duration is favorable to one breaker 
as compared to another breaker will depend on the speed of 
break (per break unit) of the two breakers, and the number of 
breaks in series; in other words, it will depend upon the total 
quantity of gas generated in the two breakers. 

Tests with plain-break contacts, operating under identical 
conditions, have shown that the two-break breaker is quite 
likely to generate less gas than 6, 8, or 10 breaks in series. Itisa 
fact as the authors have pointed out, that a current-limiting 
resistance in series with the arc, greatly reduces the severity of the 
arc. This coupled with the light weight and high speed of the 
moving parts explains the superior action of small potential 
fuses where the current flow is limited by resistors. When, 
however, an attempt is made to apply the same kind of a device 
to an oil circuit breaker where the resistance must be shunted in 
circuit when the breaker operates, it is found that many difficul- 
ties arise, not the least important of which is keeping down the 
cost of the breaker equipment. 

The authors have given the speed of a General Electrie Com- 
pany FHKO-36-33 C, 115-kv. oil circuit breaker as 5.5 ft. 
per sec. maximum at 300 amperes charging current. The inter- 
rupting capacity of this breaker for two O-C-O duty cycles is 
3750 amperes at 115,000 volts, and since the speed of operation 
of this breaker is a constant of about 5 ft. per sec. at no load, plus 
a variable dependent upon the load interrupted, the figures 
given, although correct for the quoted load, are not half their 
real value when the breaker is interrupting its rated interrupting 
capacity. 

Moreover, one can expect a longer are when interrupting a 
small charging current than that obtained when interrupting 
the full interrupting capacity of the breaker, so that taking both 
these factors into consideration, one would expect the full-rating 
arc duration would be less than half as long as the charging- 
current arcing duration. 

It is also a fact that the speed of operation of the explosion- 
chamber breaker is a maximum shortly after the end of the 
contact rod clears the throat bushing,—that is, the speed is a 
maximum at the time of the long are, and this means the smallest 
quantity of gas during that period. This should be compared 
with the breakers having the maximum spring tension and maxi- 
mum speed during the early stages of arcing when the gas 
generated per unit of arc length is small. In one case we haves 
Maximum speed decreasing to a minimum; in the other case we 
have a minimum speed increasing to a maximum. 

The quantity of gas generated at constant speed of contacts for 
a given are duration varies approximately as the square of the 
speed, because the are likewise varies directly as the speed. 

When the above facts are considered, it is easily seen why the 
explosion-chamber breaker produces such a small quantity of gas, 
and why it has such a high interrupting capacity. 

It is not clear to the writer why high speed of separation is 
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necessary when interrupting line charging current or load currents 
of small magnitude, because under these conditions the line 
should be fairly stable. 

For heavy short circuits, however, high speed would be 
advantageous, and it is under these conditions that the explosion- 
chamber breaker is at its best, and its strong construction enables 
it to stand repeated interruptions without damage. 

The Canton tests were 26 and 30 consecutive operations on the 
two breakers, without examination of the oil or contacts, and 
both were in first-class condition at the end of the tests and 
could, undoubtedly, have duplicated the performance and still 
have been in good operating conditions. It is probable that 
100 such operations would still have found them able to carry 
their rated load and interrupt their full rated interrupting 
capacity. | 

It is to be expected that the earlier explosion-chamber 
breakers would not be developed to the degree found in the 
modern breakers, that the years of operating experience would 
result in breaker improvements, that better constructional 
methods, better materials, and better workmanship would be 
built into the later breakers just as there have been improvements 
in the automobile in the same period. 


It is unfortunate that the various curves mentioned in Messrs. 
Wilkins and Crellin’s article are not available at this time, and, 
therefore, no comparison can be made on the time of relay action, 
breaker trip, and breaker interruption of circuit. 


In the article no mention is made of tank pressuresasa function 
of speed of interruption, and but little has been said concerning 
voltage rises due to the same cause. 


Fairly high impact pressures must be expected in the oil 
when high-speed interruption takes place, although at the time 
there may be no evidence of pressure in the air space above the 
oil. This high impact pressure is due to the substantial in- 
compressibility of the oil, the mass of the oil and the instanta- 
neous generation of a gas in fairly large volume. It acts, of 
course, to stress the tank and unless the seams are well made, 
may result in their being opened up, whereas with a slower 
operating breaker the stresses may be considerably less. 

The voltage rise, from substantially instantaneous interrup- 
tion, is likely to be a real problem, and in such apparatus ex- 
cessive voltages have been observed during tests, and the steep 
wave front makes it impossible to obtain an oscillographic 
record with the ordinary oscillographic apparatus. 

Peak records can, of course, be obtained by a surge recorder, or 
by the cathode ray oscillograph, and such records have shown 
surges considerably in excess of any mentioned by the authors. 
It is not impossible that under special conditions, voltage surges 
of 25 times the applied volts may be observed. 

The authors mention the fairly high power factor in a short 
circuit to ground.  'Thisis, of course, due to the ground resistance 
and was to have been expected. It also largely accounts for the 
fairly easy condition for ground interruption on a system having 
a grounded neutral. The fundamental requirements, as laid 
down by the authors, are not so impossible of achievement by 
the high-voltage oil circuit breaker as would appear at first 
glance, and with the exception of (1) 7. e., O-C-O cycle of opera- 
tion = 0.2 second, can I believe be approximated if there is a 
demand for such a breaker and the purchaser is willing to pay 
the price of development. 

The testing of oil circuit breakers by the manufacturer and 
user is of great importance, and the General Electric Company’s 
engineers are not only making such tests daily at the factory, 
but have taken every opportunity to make tests upon operating 
systems. 

The General Electric Company strongly recommends the 
publication of full detail information on such system tests. 
Such information will be of incalculable value to transmission 
companies and manufacturers of oil circuit breakers, and will 
act largely to dispel the skepticism concerning circuit-breaker 
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operation and rating which now exists. The factory tests are 
considered of so great importance that a new testing generator 
has been constructed and will have been given preliminary 
tests by September 10, 1927. | 

This generator is the largest testing generator ever constructed, 
and is expected to give a short-circuit kv-a. of nearly 600,000. 
Space has been provided for additional generators of the same 
or larger capacity, and it is expected that if connected to the 
Mohawk-Hudson system ultimately a short circuit capacity of 
considerably in excess of 1,000,000 kv-a. will be available at 
both low and high voltages. 


The testing installation has been made very complete, and 
comprises both resistors and reactors for current limitation, 
bomb-proofs in which to test the breakers, a separate oscillo- 
graph and assembly building and ample grounds surrounding 
the test plant, so that the test men and observers may be ata 
safe distance from the breakers tested to destruction, and every 
breaker which can be stressed to that extent will be so tested. 
The testing equipment will, of course, be as complete as it can 
be made, and instruments are provided for measuring all factors 
affecting the interrupting capacity of the breakers that it is 
possible to measure. | 


In the thousands of tests made with our factory testing genera- 
tor during the past six years, we have observed phenomena far 
more severe than any ever recorded by us on tests made upon 
transmission systems. We have observed are lengths in excess 
of the charging-current arc lengths observed by the authors; 
and it is my opinion that our testing conditions are more severe 
than obtained on any transmission system in existence today, 
if we except the operation of a transmission system at the instant 
of a lightning stroke. 


These observed test values are used in the design of new 
breakers, and it is these observations which determine the 
physical dimensions of our breakers. It is because of our 
observations that the break distances of General Electric breakers 
are made consistently greater than those of any other manu- 
facturer; and although we realize that it may be a rare occurrence 
for an are to be drawn the full break distance, it is also realized 
that a sustained are in an oil circuit breaker is a serious thing'and 
may result in the destruction of the breaker, and must be guarded 
against at any cost. 

The authors state that the manufacturers positively ‘‘refuse to 
give a guarantee on performance.” I think that a consideration 
of the facts will show that statement is not exactly correct. 
While the General Electrice Company does not guarantee their 
breaker rating, they do stand back of their breakers and will 
continue to do so. 

At a joint meeting of the Oil Circuit Breaker Section of the 
Power Club and the Oil Circuit Breaker Subcommittee of the 
N. E. L. A. a year ago, all of those present were unanimously 
agreed that a manufacturer could not guarantee interrupting 
capacities of oil circuit breakers, because the interrupting 
capacity at any given instant depended on system, maintenance, 
and operating conditions which were entirely beyond the control 
of the manufacturer. 

The Oil Circuit Breaker Subcommittee of the N. E. L. A., 
therefore, unanimously agreed that three alternative clauses 
be recommended to the manufacturers, but expressing a prefer- 
ence for the following clause: 

‘Because system, maintenance, and operating conditions are 
beyond the control of the manufacturer, interrupting capacities 
of oil circuit breakers cannot be guaranteed, but this does not 
relieve the manufacturer of his contract obligation to deliver 
oil circuit breakers having interrupting capacities as specified.” 

Acting on this recommendation of the Oil Circuit Breaker 
Subcommittee of the N. E. L. A., the General Electric Com- 
pany adopted this clause as recommended. Under this clause, 
the company is bound by a legally enforceable contract to deliver 
a circuit breaker having the specified rating, and evidence that 
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the circuit breaker does not have the rupturing capacity specified 
would force the company to replace the circuit breaker with one 
having the specified rating, or would make the company liable 
for damages for breach of contract. 

There may be uncertainty in the minds of some manufacturers 
and some users as to the meaning of kv-a. interrupting capacity. 
Is it the interruption at unity power factor, or at approximately 
90 deg. lag or lead? Is it the interruption of the current on an 
otherwise isolated bus system, or is it interruption on a system 
having a connected load with shunt reactance and electrostatic 
capacity? Is it on grounded or ungrounded systems? 

As far as the General Electric Company is concerned, and 
based on engineering information that has become available 
from field and testing department experience, the General 
Electric Company’s published interrupting rating includes all 
the conditions mentioned above and the General Electric Com- 
pany will continue to publish ratings on this basis unless future 
development makes modification necessary, in which case, the 
published ratings will state that fact. 

The writer regrets that the tests did not include repeated 
interrupting tests at or near the rating of the breaker so that 
observations of contact burning could have been made. 


H. E. Strang: In discussing oil circuit breakers the term 
‘*Speed of Operation” is frequently used and unfortunately at 
times loosely applied with the net result that some confusion 
exists as to just what thought this expression is intended to 
convey. 


From the standpoint of system stability, interest is centered 
around the total time required for opening a circuit from the 
instant the trip coil is energized until the arc is finally broken, 
rather than the actual speed in feet per second at which the 
contacts may part. 


An analysis of the opening dariet of various kinds of 
breakers will reveal the fact that one type of motor operator 
which imparts a comparatively high speed in terms of feet per 
second to the contacts after they have started moving, has an 
inherent time delay in the tripping mechanism itself, which 
makes the dead time, or the time from energizing the trip coil 
until the contacts part, nearly twice as long as in the case of 
breakers operated by other types of motor or solenoid 
mechanisms. 

Supposing that there may be a balance in favor of the breaker 
operated by this former mechanism of some few half cycles of 
arcing time, the total duration of short circuit may be much 
longer than in the case of a breaker whose contacts travel more 
slowly, but operated by a mechanism with a shorter inherent 
dead time. It is this feature which is essential when considering 
the application of oil circuit breakers from the standpoint of 
their effect on system stability. 

It is regretted that the curves which have been presented 
showing the opening characteristics of various types of breakers 
were not plotted on the same basis, that is, from the time the 
tripping impulse is delivered to the trip coil. 

Figs. 9 and 10, showing the opening time of a General Electric 
FHKO-36-110-kv. breaker seem to answer a commonly raised 
question regarding the effectiveness of explosion chambers at 
low currents. In this case while opening only 300 amperes which 
is some 8 per cent of the breakers’ interrupting rating, a definite 
acceleration is given to the contacts which amounts to an increase 
of about 2 ft. per sec. in maximum velocity over the no-load 
speed. 

That this effect is consistent in reducing the are length over 
the entire range of & breaker's rating is also apparent from the 
published results of the Canton tests where in the case of one 
explosion-chamber breaker during a series of 30 tests, ranging 
from 23 per cent and 83 per cent of its interrupting rating, the 
are length varied from but 40 per cent to 20 per cent of the 
stroke. 

As the authors have stated, the ultimate interrupting capacity 
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of these large breakers may not be definitely known. It is 
believed, however, that if there is any uncertainty in the ratings 
it is on the side of conservatism, and that it is not necessary to 
apply faetors of safety to the ratings of breakers which have been 
subjeeted to extensive faetory tests, the results of which have 
been substantiated by field tests such as those made at Canton. 

M. M. Samuels: May I be permitted to add some con- 
structive suggestions? 
the users and manufaeturers should respectively take in the 
further development of breakers. 

Now, it is not possible, nor is it necessary for an operating 
man to known as mueh about all of the detail problems of 
breaker construction as a manufacturer's engineer. But the 
operating man knows what he wants the breaker for, what 
service it has to perform, he knows this better than the manu- 
facturer; he has to make it perform as part of a system, and he 
soon finds out wherein it fails so to perform. - 


Advice along these lines from operating men should be eagerly 
sought by manufacturers. The manufacturer should realize 
that the customer is not just kicking for the fun of it; but that 
when he kicks there is something wrong; and then let the experts 
get busy and find out what is wrong. 


The needed spirit of cooperation on the part of the manu- 
facturers is beginning to show itself here and there, and has no 
doubt been a contributing factor of considerable importance in 
the great strides which the manufacturers have made in very 
recent years in circuit breaker developments. But more of it 
is needed. 


Another suggestion which may be made is that future tests 
should be carried on under actual operating conditions. So far, 
elaborate preparations have been made for each test. Contacts 
were cleaned and adjusted, mechanisms greased, relays cleaned, 
new oil placed in the tanks, ete. Under operating conditions 
this is not done every day, and in most cases it is not done often 
enough; and yet breakers have to operate. 

I should suggest that in the future tests be made on breakers 
after they have been in service for some time, without making 
such preparations. In other words, without telling the breakers 
that they are going to be tested. 

As to the concluding requirements of Messrs. Wilkins and 
Crellin, I may state that the one requiring a maximum of one 
kv. is to my mind not of great importance. I will grant that the 
great amount of power required to close some breakers is due to 
very clumsy mechanism designs. The bell-crank artist is still 
among us, and the manufacturers have not as yet learned that a 
good switch designer is not necessarily a good mechanism de- 
signer, and that none of the switch mechanisms shows the in- 
genuity and beauty which may be observed in some of the 
automatic machinery which they have in their own shops. 
However, give me a good breaker, and I do not care if it takes 5 
kw. to close it. 

The suggestion that it should be possible to install a breaker 
without skillful mechanics likewise seems to be going somewhat 
too far at the present. Itis true that breaker mechanisms should 
be simplified rather than be inade more complicated; but I 
doubt if it ever will be possible or even desirable to eliminate the 
skillful mechanic in the installation of breakers. 

Let me add a concluding remark. It will be necessary to 
reduce the cost of breakers in the future. The breaker today 
represents the limit to electrical development, not only insofar as 
it sets a maximum to the amount of energy that can be safely 
switched, but also economically. Many a prospective develop- 
ment cannot be put through because the cost of switching makes 
the whole development uneconomical. It will not be sufficient 
in the future to spend half a million dollars on research to find 
out that the tank steel has to be 14 in. instead of %% in. thick, 
and to spend another half million to find out that two more 
pounds of copper will have to be added to the contact, or that 
structural-steel tops are in some cases preferable to cast-steel 
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tops. To our shame it must be admitted that the ratio of 
results to development expense is very low in the circuit-breaker 
field, and it is development expense which makes the cost of 
breakers so prohibitive. | 

Radical discoveries and inventions are needed, if the industry 
is to progress. A beginning has already been made, and one 
hint is already mentioned in the paper as to what might be 
expeeted in the future. I am referring to vacuum switching. 
But so far that is only & hint; and in general there are very few 
inventions of ingenuity and importance on record in the whole 
history of switching. 

The industry seems to have been immunized against an attack 
by the bacillus of invention. Messrs. Wilkins and Crellin are 
right, therefore, in their statement that we are doomed to depend 
on oil breakers for a good long time to come; and that the im- 
provement of them, to which I may add the reduction of their 
cost, is of immediate importance. 

L. C. Williams: ‘Speed’ is a much misinterpreted word. 
The electrical engineer talks in terms of cycles for interrupting 
& circuit or clearing a fault whereas the mechanician speaks in 
terms of velocities of the moving elements. 

Let us consider switching time in two parts, (1) the time 
required to overcome inertia and acquire acceleration of blades 
and measured from the time the relay contacts close until the 
arcing tips separate and (2) from that point until the are is 
broken and the fault cleared. 

The sum of the two times is important from the standpoint of 
system stability and all operating engineers desire it cut to an 
absolute minimum. 


The second consideration is of vital importance in switch 
performance as high blade velocities contribute to a short dura- 
tion of arc and improvement in switch reliability. 


Our present methods of control work somewhat at cross pur- 
poses. To gain high blade velocities is usually at the expense of 
burdensome control equipment and markedly increasing the time 
fo get under way. 


What we want is an improved control equipment which 
permits the switeh to operate rapidly and minimize the overall 
operating time. 

Slow-motion pictures taken of the mechanism of heavy 
duty switches emphasizes this necessity and likewise afford an 
accurate means of calibrating switch speed curves. 

W. S. Edsall: The paper points out the desirability of clear- 
ing trouble from the transmission line in the shortest possible 
time. Several curves are given showing oil circuit breakers of 
the 110,000- and 220,000-volt class, giving the time required from 
closed position to the contact-breaking point and arc-clearing 
point. It is noted that on one 110,000-volt contact-break type 
of breaker it required about 0.125 sec., or 7% cycles on a closed 
position to opening of the contacts. About 41% to 5 cycles 
additional were required to break the are of the changing current. 
Contrasted to this in a desire to point out that records are 
available showing the performance of the American Brown 
Boveri Electric Corporation BO-60, 110-D oil circuit breaker 
handling short circuit in the order of 400,000 kv-a. where the 
complete O-C-O cycle was made in approximately 14 cycles. 
This time is taken from the instant the contacts touched on 
closing plus the relay action time for reversal of motion of 
moving member springing the arc and complete interruption. 

This type of oil circuit breaker is of the 10-break or multiple- 
break type. It is of the comparatively slow-speed design. In 
no case was the speed of the moving element higher than 2.8 ft. 
per sec. | 

The statement is made that records have been taken on 110- 
kv-a. oil circuit breakers both on 2-break and 6-break types, with 
speeds varying from 4 ft. per sec. to 15 ft. per sec. per contact 
and a range of arcing time from 12 cycles on the slow speed to 
2 cycles on a higher speed. This would infer that the higher- 
speed breakers clear the are more quickly than the slower-speed. 
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It is also stated that ‘‘the important point often overlooked is 
that the high-speed breaker clears the disturbance in much less 
time with much less damage both to system and to the breaker." 

Records are available showing the type BO-60, 110-D, Ameri- 
can Brown Boveri Electric Corporation oil circuit breaker, 
performing on O-C-O cycle with short circuit in the order of 
500,000 kv-a. wherein it is shown that very slow speeds will 
interrupt the are in the same time of arcing as with higher 
speeds. It was shown on one test that the average speed was 
approximately 5.5 ft. per sec. on opening and on the second 
O-C-O of the operating duty the speed was reduced to approxi- 
mately 1.4 ft. per sec., approximately 50 per cent of normal, 
yet the time of arcing remained the same. | 

It is our belief that, contrary to the general thought, the 
introducing of greater speeds alone does not necessarily give 
better oil-circuit-breaker operation. It is our belief that the 
use of the 10-break multiple break with slow moving mechanical 
parts presents many advantages. Due to slow speeds there is no 
racking of mechanism at the end of the stroke, whether on 
elosing or opening,—only simple torsional aecelerating springs 
are used. There is no quick-break mechanism of any kind, 
hence no triggers, latches, nor springs. 


Furthermore, it has also been demonstrated on tests that close 
to 700,000 kv-a. the use of the 10-break breaker gives pressures 
less than 20 lb. per sq. in. in the tank. 


There have been some misconceptions as to the length of are 
per are and the total are length in breakers of the 10-break type. 
It is true that if the speed of the moving element were the same 
in the 10-break type as in the usual 2-break type the total length 
of are in the 10-break type might exceed that of the 2-break typo. 
However, the speed of the BC-60 Ameriean Brown Boveri 
high-voltage oil circuit breaker is comparatively low, so that the 
total length of arc is very little if any greater than would be 
experienced on a 2-break type under the same conditions. It is 
definite that the length per arc is much less in each of the 10 
ares than the length of each arc in a 2-break type. 


The paper makes a reference to the use of resistance in con- 
junction with one multiple-break oil circuit breaker. Reliable 
resistance-type multiple-break oil circuit breakers have been 
built in Europe for many years. Resistance is mounted within 
the tank at a point such as to clear it from precipitating carbon 
and low-dielectric oil at the bottom of the tank. The usual 
method is to connect resistance in shunt with 4 or 6 of the 
multiple breaks, leaving from 2 to 4 of the multiple breaks in 
series. Upon interruption the arcs which are shunted by the 
resistance are immediately made unstable, thereby leaving very 
high resistance in series with 2 to 4 ares. This gives a high resis- 
tance against the recovering voltage, cuts down the current 
flow and acts to diminish the time of arcing. Breakers of the 
110,000-volt class with interrupting rating of 500,000 kv-a. of 
the resistance type have been built and successfully operated for 
a number of years. 

In summarizing we would point out that the high-voltage oil 
circuit breaker as manufactured by this corporation will probably 
come nearer meeting No. 1 requirement on the eighth page of the 
paper than any others on the market today. This requirement is 
that the complete O-C-O cycle shall not be more than 0.20 
seconds. Interrupting-capacity tests in the order of 500,000 
kv-a. show a time of 0.22 sec. average. The operating mecha- — 
nism for these breakers is of the motor type, simplein construction 
and requiring very small current for operation. The power 
demand is less than 1 kw. 

The breakers are of very simple construction, such as will 
enable them to go through many operating cycles with very 
little inspection. 

Philip Sporn: (by letter) I am pleased that the authors 
have tackled a question that has not been given the attention 
it deserved, and that is the question of oil circuit breakers and 
their effect on continuity of serviee in transmission networks. 
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I think some work ought to be done also with particular reference 
to the effect on continuity of service of switching arrangements on 
high-voltage lines. 

As a general rule a transmission line is planned and built by 
the transmission engineering department and when it is all over 
the job is given to the relay engineer to relay it. Sometimes he 
actually knows something about it a few months in advance of 
eompletion but it is very seldom he has much of a say in the 
arrangement of the line and the effect it will have on his various 
loop circuits. The fact that this additional line will make selec- 
tive action almost impossible or, if it does make it possible, will 
introduce unusually high time settings on some of the lines, is not 
given very mucli weight and the problem is generally considered 
one of minor importance and one that a good relay engineer ought 
to be able to take care of. Of course where a double-circuit 
line between two points is involved, the problem is very very 
simple but very often the double-cireuit lines do not materialize 
or where a line is laid out for two circuits, a single circuit only is 
installed and such a period may last for five years. The intro- 
duction of a pilot system of protection on transmission lines will 
materially ease the whole problem of sectionalization. It will 
particularly make possible the reduction in the time a fault is 
allowed to stay on the system and this will reduce to a negligible 
quantity not only the damage done during a fault but will also 
improve stability and will further reduce the trouble on 
customers’ apparatus as a result of long surges on transmission 
systems. 


Obviously if a carrier-current pilot system of protection is to 
be effective it has got to have a reliable means of coupling and 
Mr. Belt has shown! some of the devices that can be and are 
being employed today to obtain reliable and effective coupling. 
It is of course evident that there is no sense in making large 
expenditures on a relay system such as a carrier-current pilot 
system that will cut down relay action on a single line from 2 or 
3 sec. to 4 sec. if the breaker itself will take an equal amount of 
time to function in clearing a short circuit after the relay system 
has energized its trip circuit and this point has been brought out 
very well by Messrs. Wilkins and Crellin. As an example of 
this, refer to Fig. 10 where one of the phases of a breaker is shown 
taking about 0.27 sec. before opening. Now, compared to a relay 
action of 3 sec. 0.27 seconds is quite good but when dealing with 
orders of time of relay action of about 0.5 sec. 0.27 isn’t quite so 
good. 


With some of the conclusions of the authors as to the funda- 
mental requirements of a circuit breaker, I agree; with others I 
differ quite radically. For example, I believe that the operating 
time for a complete ‘‘Open-Close-Open”’ cycle of operations can 
be materially raised above 0.2 sec. provided the opening time 
can be reduced say to a figure approaching 0.05 sec., or, as an 
outside figure 0.1 sec. There is no question that the ideal half- 
cycle of arcing time would be a highly desirable thing if it could 
ever be obtained but I cannot quite see why it is necessary to 
limit the power demand of the mechanism to 1 kw. I do not 
see that it is necessary to have the breaker designed so that it 
can be installed, adjusted, and maintained by the average 
mechanic without oil-circuit-breaker technique. I should like 
to see them designed so that they can be installed, maintained, 
and adjusted and then stay put when worked on by the average 
mechanic who had some special training. 


That it 1s highly desirable that a breaker shall be capable of 
completing more than two normal operating cycles before any 
inspections or adjustments are necessary, there is no room for 
argument. The wonder is that the present operating cycle was 
agreed upon and not rejected as utterly absurd by the operating 
people. Ido not know whether 100 is at all essential but it ought 
to be of that order. For the present 40 or 50 would be good 


1. Coupling Capacitors for Carrier-Current Communication, T. A. 
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enough and I believe that if the operating engineers insist on it 
they will get it some day. 

Again I am in entire agreement with the authors in that the only 
way for an operating company to know today as to whether 
the breakers that it is buying or that it contemplates buying 
will or will not perform satisfactorily, on its system, is to test 
them. Some day breaker development will have reached the 
point where this will not be necessary but it does seem necessary 
today. That this happy stage will arrive by combining all of 
the good features now available in the designs of the several 
manufacturers as the authors so confidently expect, I am not 
at all certain; we have seen in other lines of endeavor develop- 
ments involving combinations of the best feature of each that 
gave a rather queer result. The problem would seem to be 
rather to have each manufacturer develop his design or new 
designs to a point where he is certain and doesn’t merely think 
that the breaker will do what he says it will do. 


R. J. C. Wood: Oneof the oscillograms shows the current 
increasiny on interrupting the charging current on the line. Mr. 
Crellin said this was contrary to the ordinary conduct of current 
on short circuit. 

In testing Mr. Sorensen’s vacuum switch, which was done by 
bringing & synchronous condenser up to speed on the system, 
disconnecting from the system, and throwing it on the switch 
and using it as generator, we had occasion to notice the shape of 
the short-circuit current during the time previous to the opening 
of the switch. Quite a number of oscillograms of short-circuit 
current were made, some of them showing the ordinary asymmetri- 
cal type but quite as many showed the short-circuit current 
increasing for the first few cycles. 

E. A. Crellin: It was short-circuit current. 

R. J. C. Wood: But a single-phase ground. 

F. C. Lindvall: The authors mention the possibilities of 
the vacuum switch. We at the California Institute of Tech- 
nology who have worked on the problem of breaking currents in 
vacua are quite gratified by this recognition, for not all operating 
engineers and oil-switch designers are convinced that some day 
the vacuum switch may be a reliable piece of station equipment. 

We feel that our optimism regarding the switch is justified, and 
that the fundamental idea of the switch is sound. Yet, as Mr. 
Crellin pointed out, the transition from a rather delicate piece 
of laboratory equipment to a reliable device for commercial 
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problems; but fortunately, as more new work is done on the 
switch, many anticipated difficulties eliminate themselves. 

Two such points that the authors mentioned in their paper 
should be discussed briefly. First, we have found that the 
extremely high vacuum which was originally assumed to be an 
obvious prerequisite is not really necessary. This interesting 
fact was observed in a general way in the earlier vacuum switches, 
but in order to obtain more definite data on this point a small 
switch was constructed. This model had butt contacts of 14-in. 
aluminum rod. An ionization gage located between the switch 
and the cut-off from the diffusion pumps served for measurement 
of gas pressure in the switch. 

For convenience in testing, the duty cycle of this model 
eonsisted of short circuiting and immediately opening the short- 
eireuit on the high side of & 15,000/220-volt 10-kv-a. transformer. 
The short-circuit current through the switch was 3.5 amperes 
and the potential across the switch after break was of course 
15,000 volts. For the first 20 or 25 trials of the switch ata 
pressure of 2 X 1075 mm. of mercury severe arcing resulted with 
eonsequent liberation of gas from the electrodes. However, 
the contacts were then in shape for proper switching and success- 
ful operation followed. In fact, at a vacuum of the order men- 
tioned, an are eould not be drawn out to maintain between the 
contacts even with maliciously slow operation. 


Several runs of 400 or 500 operations were made with the 
switch eut off the pumps with careful note taken of time and of 
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changes in the vacuum. These pressure changes were then 
compared with leakage curves taken on the switch, and the 
interesting result was that the rise in gas pressure during the 
long switching runs followed very closely the curves of leakage 
coming from a faulty seal. In other words, the amount of gas 
given out by switching with clean electrodes was but little. 


The switch functioned consistently and was apparently in-' 


different to existing gas pressures up to the order of 5 x 107? mm. 
Beginning at somewhat lower pressures decided flashing could be 
seen at each operation of the switch, but every time a successful 
break was made. As a matter of fact, the switch would break 
current satisfactorily with sufficient gas present to give a solid 
negative glow from a spark coil through a side discharge tube. 
Hence, to generalize from these results it follows that with out- 
gassed contacts only a tolerably good vacuum, one which is 
relatively easy to get and easy to maintain, is needed for success- 
ful switching. Thus, at once, many of the troublesome details 
of high-vacuum technic are avoided, and in consequence the 
switch lends itself more readily to the ordinary methods of 
manufacture. 


The second point mentioned by Mr. Wilkins and Mr. Crellin, 
that of operating the contacts within the vacuum chamber, has 
been simply and adequately solved through the use of flexible 
bellows, which makes possible moving the switch contacts 
through any required distance by any suitable mechanism. Asa 
consequence the switch may be locked in closed or open position, 
a feature demanded by the operating engineer. 


We have also found that extreme speed of opening is unnecessary 
in the vacuum type of breaker. Thus the contacts themselves 
may be simple and have low inertia. In turn, the operating 
mechanism may be of light construction, permitting the operat- 
ing speed of the switch as a whole to be made extremely high. 
This speed, together with the characteristic first half-cycle 
break of current, will give a circuit breaker whose operation will 
no doubt be rapid enough to meet modern switching re- 
quirements. 


A further desirable feature would follow in that the simplicity 
of the operating mechanism of a vacuum switch should allow an 
accuracy of adjustment which would result in more nearly 
approximating the simultaneous breaking of current in the three 
phases of the switeh. 


R. W. Sorensen: Reference has been made to the develop- 
ment of gas pressure tending to rupture switch tanks when a 
switch is open, and the question has been asked, does this 
phenomenon of pressure occur in the experimental vacuum 
switches when such switches fail to function properly and do not 
interrupt the current? It would be natural to expect in case of 
failure to interrupt the circuit that gases might be given off 
from the switch terminals in sufficient quantity to develop 
pressures that would cause an explosion or bursting of the 
chamber containing the vacuum switch. Experiments which 
have been made with the vacuum switch in which over 150,000 
kv-a., single-phase has been interrupted by means of single-pole 
switches have failed to show enough gas pressure to produce 
explosion. Also, when circuits of this capacity have not been 
completely interrupted by the opening of the switch, the switch 
has withstood any tendency toward an explosion. In a few 
eases where the glass container for the vacuum chamber has 
broken, whether due to heat or mechanical injury, the parts of 
the glass container have not been thrown about so as to indicate 
an explosion, but have rather simply dropped to the ground and 
done no damage; in fact, we have had less flying of glass than is 
often the case when an ordinary electric light globe is broken. 
As an indication of our confidence that no explosions occur, I 
may say that those of us who are working with switching in 
vacuum have so little fear of flying glass or other parts that we 
stand within a few feet of the switch in order to watch its operation 
when experiments are being conducted; in fact, we approach 
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the switch much closer than has been considered safe with oil 
switches which may throw oil. 

Another very favorable feature of the vacuum switch is the low 
voltage rise in the circuit at the time of break. For, though the 
vacuum switch always breaks the circuit on the first half cycle, 
we have found the voltage rise with the vacuum switch to be less 
than with the oil switch. The oil switches we have worked with 
usually hold the are 8 or 10 half cycles. That is, there seems 
to be more rise in voltage on the circuit at interruption when it 
takes several cycles to make the interruption than there is when 
interruption is made during the first half cycle. Many times in 
our laboratory we have put one of our vacuum switches in a 
convenient 15,000-volt circuit capable of supplying current up to 
150 amperes and have, by means of the hand-operating lever, 
opened and closed the switch rapidly, perhaps six or eight times 
per second. This we can do 25 or 30 times without distressing 
the switch in any way. I have never seen such a demonstration 
In fact, the amount of energy expended 
in the switch does not seem to be great, the actual drop across the 
are at separation of contacts being probably less than 100 volts. 
This means that there is not available a great deal of energy at 
the place where it will destroy switch contacts. One of our small 
switches, the contacts for which are rods % in. in diameter, has 
been used to open a 15,000-volt circuit, the current in which 
varies from a small amount to 125 amperes, more than 4000 
times and the contacts show no appreciable pitting. I feel that 
we may safely say, therefore, that a vacuum switch which has 
been properly tuned up for operation will give good service and. 
be able to interrupt circuits almost an infinite number of times; 
without damage to contacts. 

I do not wish in any way to give an impression that vacuae 
switches are ready for the market. During the five years we 
have been working on the switch we seem to have made small 
progress. Each move, however, has been a progressive one and 
perhaps it will not take five years more to develop a switch which 
wil have some degree of success in practical service on power 
lines. . | 
. In eonelusion, I can reply to Messrs. Wilkins and Crellin by 
saying that we have developed a means for moving practical 
circuits in a satisfactory way. We have also been able in an 
experimental way to fulfil requirements 1, 2, 3, and 4 as listed 
in their paper. Requirement No. 5 is the one we have not as 
yet been able to meet. 


E. K. Sadler: We have just completed some over-all 
tests, at our factory, which approach Messrs. Wilkins and 
Crellin’s specifications; and I should like to make a few remarks 
on that. 


We have found it possible to obtain the following speeds with- 
out complicating the operating mechanism or subjecting the 
switch to excessive jar in operation. This switch was of the six- 
break type and the speeds given are the total for all six breaks. 

We have obtained a velocity of 51 ft. per sec. when the arcing 
contacts break and a maximum velocity of 75 ft. per sec. at a 
point some inches beyond where arcing contacts break. Open- 
ing of switch requires only 0.089 sec. for full travel of blades, 
and an elapsed time of 0.16 sec. from energizing the trip circuit 
until the arcing contacts open. The total break equals 36 in. 

As regards a switch jumping when the operating mechanism 
is mounted remote from the switch; this switch can move 2 
in., back, forward, right, left, up or down and still operate 
perfectly. 

J.P.Jollyman: From the standpoint of the engineer having 
to do with the operation of a power system, we are very much 
concerned with the effects of trouble on the power system. We 
want to get those troubles off the system as quickly as possible. 
We do not want to wait until the voltage of the system is reduced 
to a point where the duty on the circuit breaker is reduced. We 
want the trouble removed before service is impaired and what- 
ever kind of switch it is will have to stand this quick service. 
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J. S. Thompson: (communicated after adjournment) It is 
of incalculable value to the manufacturer of oil circuit breakers to 
secure the findings of engineers who have so thoroughly studied 
the problems to be met in oil-circuit-breaker design and to have 
the result of these studies summarized in the requirements which 
they have laid down. These requirements are looked upon as 
supplementary to most of those outlined by Mr. Jenks of the 
West Penn Power Company, in the paper appearing in the 
1924 Transactions of the A. I. E. E., p. 648. 


With reference to requirement 3, it is possible that a statement 
that the mechanism should demand but & very small amount of 
power would be sufficient, but the exact reference to 1 kw. is 
presumably prompted by the fact that mechanisms are available 
which require no more power than 1 kw. 


With regard to the discussion presented by Mr. Sporn, it 
would appear that his reference to the absurdity of the test duty 
cycle demand is based upon a tendency to look upon test rating as 
synonymous with normal operating ratings in circuit-breaker 
practise. In all other apparatus the test ratings to which the 
apparatus is submitted, for periods such as one minute, are far 
in excess of the operating rating and therefore it is possible 
that some adjustment should be made so that the circuit breaker 
operating twice under the A. I. E. E. test rating would operate 
comfortably at a reduced operating rating for the 100 or even the 
1000 operating cycles referred to in requirement No. 4. We 
would draw attention to the fact that the N. E. M. A. rule for 
reduced interrupting capacities, under item E, suggests the ratio 
which these two ratings might bear to each other. 


With regard to the diseussion presented by Mr. Hilliard, 
the uncertainty regarding circuit breakers on the part of those 
best informed is indicated by the phrases: ‘‘It is quite likely”; 
“Not half"; ‘One may expect’; “It is probable"; ‘Could un- 
doubtedly”; ‘‘May result"; "Is likely to be”; ‘‘It is not im- 
possible." 

Mr. Hilliard appears to assume that doubling the speed of the 
break would invariably double the length of the arc, and with 
respect to this assumption, we would draw attention to Figs. 4 
and 10, showing are durations of two-break and six-break circuit 
breakers under exactly similar conditions. These curves in- 
dicate a duration of are of 0.045 sec. in the six-break circuit 
breaker and 0.15 sec. in the two-break circuit breaker. 


There would appear to be an inconsistency in Mr. Hilliard’s 


reasoning where he suggests that a greater quantity of gas is- 


developed by high contact speed, whereas later in his discussion 
he states that high speeds are advantageous. 


Mr. Hilliard indicates that high-speed interruption produces 
voltage surges and also impact pressures in the oil. If this is 
the case it would appear that voltage surges are a necessary 
concomitant of high-speed circuit interruption. But regarding 
tank pressure, it may be stated in support of multiple breaks 
that no Pacific Electric Manufacturing Company six-break oil 
circuit breaker tank or top casting has ever been damaged either 
under test or operating conditions, nor have tank and cover 
assemblies ever been forced apart. 


Mr. Hilliard makes the point that the long break is of value 
and, recognizing this, the Pacific Electric Manufacturing Com- 
pany provides that each one of the six breaks of its circuit 
breakers is substantially as long as each one of: the breaks of the 
conventional two-break oil circuit breaker. Properly disposed 
multiple breaks can be considered as a grouping of two-break 
oil circuit breakers in series, and could not be assumed to draw 
ares, per pair of breaks, as long as a single two-break oil circuit 
breaker. This fact has been put in practical application on a 
Pacific Coast operating system on which the failure of a two- 
break circuit breaker was remedied by placing a similar two- 
break circuit breaker in series with it, the two mechanically 
connected to operate simultaneously. But a further advantage 
of six-break circuit breakers is obtained by so disposing the breaks 
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that the explosive effect of one are tends to blast a volume of 
oil through the path of adjacent ares. 

With regard to the comment submitted by Mr. Strang, the 
factor of inherent time delay in the tripping mechanism is a 
vital one. In developing the motor-wound spring-operated 
mechanism devised by Mr. Wilkins, the engineers of the Pacific 
Electric Manufacturing Company gave this factor prime con- 
sideration, with the result that the inherent time delay in this 
control is satisfactorily brief. It is possible that the control 
referred to by Mr. Strang could be corrected to secure equally 
excellent characteristics. 

E. A. Crellin: Everybody seems to have remarked about 
the power demand of the operator being limited to one kw. Mr. 
Samuel says, ‘‘Give me a good breaker and I do not care if it 
takes five kw. toeloseit." Itis granted thatit makes little differ- 
ence to the switch itself how much power it takes to operate it 
so long as there is sufficient to get the contacts in or out in fast 
time. The limitation was added for another purpose and was 
included along with the other specifications to complete the list 
of requirements. 


Let me point out what is involved in a large operator power 
requirement, especially in a breaker which requires practically 
the same energy to open as to close. I recently visited a sub- 
station in which there will ultimately be some fifty 60-kv. 
breakers and six or eight 220-kv. breakers, the most remote of 
which are 900 or 1000 ft. from the switchboard. If it is necessary 
to have operating currents on the order of 200 amperes at 125 
volts, we are faced with a very great expense in storage batteries 
and control cables in order to hold up the operating voltage. 
It may well happen that a group of breakers will be simul- 
taneously tripped, and if they require heavy operating currents 
to open, will force the installation of expensive equipment. 
Even with the gravity-opened breakers, it may well be that a 
large series of successive operations will lower the battery voltage 
to a point where further operation is impossible. The reason 
for imposing the limitation on operating power was to effect 
economies in installation. Such operators are available, and 
greatly to be preferred to those requiring 200 or more amperes. 


Mr. Williams and Mr. Strang both have the same thought on 
the definition of speed. It is high over-all speed until the circuit 
is cleared that we are after. If the actual time of contact move- 
ment is kept relatively high for reasons of switch design, then 
speed must be attained in the operating mechanism in order 
to bring down the total time from the closing of the relay con- 
tacts to the final interruption of the circuit. In this paper 
*speed"' does not mean the rapid motion of parts so much as it 
does the rapid interruption of the circuit, no matter how attained. 
It is felt by the authors, however, that-much higher contact 
speeds than those at present obtaining will be of great advantage 
not only in preserving system stability, but in easing the stresses 
within the breaker itself. 

Roy Wilkins: Mr. Hilliard states that ‘‘for years it has been 
known that speed was one of the chief factors of an efficient 
oil circuit breaker." Nothing seems to have been done about it, 
however, until very lately. 

With regard to the testing of breakers below their rating, it 
might be well to point out that most of the failures on operating 
tests including those at Canton have been very much below the 
breaker ratings. 


Mention was made of the fact that substantially instantaneous 
interruption causes very great voltage rises. This was the 
original argument against oil circuit breakers and is as true 
today as it was in 1895. There are as yet, however, no com- 
mercial oil circuit breakers that even approximate instantaneous 
interruption. No one has any hope of getting under the first 
half cycle. Mr. Sorensen has noted no alarming voltage rise 
at one-half cycle. In this connection, as was pointed out in 
the paper, the circuit characteristics are the determining factor 
on such phenomena. 
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With regard to guarantees, there were last year in one State 
of the U. S. some twenty times as many law suits for damage due 
to defective transformers as there were due to oil circuit breakers; 
the same arguments hold for both as far as care and maintenance 
are concerned, yet no reliable manufacturer proposes to withdraw 
the transformer guarantee. 

With regard to the meaning of interrupting capacity in kv-a., 
I am frank to state that I, for one, am doubtful of what it means, 
if anything. Several years of intensive study in both the field 
and factory have so far only strengthened this doubt. 

Multiplying a voltage on the bus before trouble by the current 
in the first one-half cycle of arc after trouble has no physical 
meaning and so far as yet demonstrated no practical one. 

With Mr. Strang we are in thorough accord; it is a performance 
that is desired. The particular mechanism required may in 
the end not even remotely resemble any of the present types. 
The effect of trouble on the system is important, the effect on the 
breaker incidental, though all too often it is the controlling factor. 

In reply to Mr. Edsall, I wish to emphasize again that what 
the purchaser buys is equipment to separate an operating system 
from a fault,—the fault and the oil circuit breaker condition at 
the time are secondary matters. While slow speed may be good 
for the breaker it decidedly is not for the system. 

Breakers must be built whose opening time is under 0.1 sec. 
preferably as low as 0.05 sec. and whose arcing time ap- 
proaches closely the optimum of 14 cycle. 
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Executives have been busy in the past with other matters, 
but of late they are giving more and more time to intereonnection 
and network operation and the effect of combinations of net- 
works. Eventually they will learn that the reliability of the 
entire network depends on the ability of the circuit-interrupting 
equipment to function properly in less than the time required for 
the parts of the network to pull out of synchronism and such 
circuit-interrupting equipment will then be demanded and 
made. 

The point and purpose of the paper is not an attempt to 
design an ideal circuit breaker but to outline the requirements. 

There are at present two theories or methods of network 
operation,—one with relatively light ties in an extensive network 
where each load is fed from more than one source, and in trouble, 
the smallest practicable section is isolated. Such systems require 
fast relaying and insure continuous service and are represented 
by the Pacific Coast, the Southeastern and the North Central 
networks in the United States, all covering extensive territories. 

The second method depends on a backbone with radiating 
feeders where large blocks of power are transferred from the 
general source to the loads and where outages are not expected 
on the main arteries. Such systems provide only emergency 


_ relaying on these main lines because their loss means the serious 


crippling of the system, and extremely fast operation would not 
be necessary. No such system exists today in practise on any- 
thing like the scale of the type given above. 


Lightning Protection for Oil Storage Tanks and 
Reservoirs 


BY ROYAL W. SORENSEN* 


Fellow, A. I. E. E. 


Synopsis.—This paper outlines work done in connection with 
planning a protection scheme for the oil storage tank farms of 
the General Petroleum Corporation of California. The work 
shows that the average annual number of storms at a given location 
is a constant. The dielectric property of oil has no influence in 
causing lightning or inducing it to strike oil in storage. 

Tests show that excellent protection can be obtained by towers 
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properly installed, but they do not indicate absolute immunity 
against hits. 

The work done also shows that an extensive field program, sup- 
plemented by such laboratory work as required for understanding 
and assisting the field program, should be carried out to extend 


our knowledge of lightning phenomena and protection. 
* * * * * 


INTRODUCTION 


N California, the production of great quantities of oil 
has made necessary the development of storage 
capacity for millions of barrels of oil of varying 

degrees of inflammability. 

Three types of storage containers have been used; 
all steel tanks, tanks with steel walls and roofs of some 
other material, and large concrete basin-like structures 
commonly known as reservoirs. 

Previous to 1926, on California oil properties, fires 
resulting from lightning were scattered as to time and 
place. Also, insurance rates for damage to these prop- 
erties by lightning were sufficiently reasonable to make 
such insurance more economical than the employment 
of protective measures for oil or oil produets against 
induced and direct-hit ignition by lightning. 

Three major fires which occurred during April 1926, 
resulting in the loss of several lives and almost 
$20,000,000 worth of property, immediately caused a 
large increase in insurance rates and entirely changed 
the aspect of the problem in emphasizing the fact that 
insurance can never compensate for the economic loss 
involved in the destruction of large quantities of oil. 

The average number of thunderstorm days per year 
for a given geographical location is, according to 
Weather Bureau statistics, a constant which has not 
changed during the period covered by their records 
(Fig. 1). 

: In different parts of the United States, the number of 
such days varies from less than 5 to 95 per year. Small 
areas within the divisions represented by the reports 
may have a greater or less number of such days. 

The probability of damage by lightning in any given 


area is largely a function of the number of storms occur- : 


ring within that area, the amount of the area occupied 
by life and property, the character of structures or 
materials included therein, and the absolute humidity— 
which determines the percentage of lightning discharges 
that will occur as strokes to ground. 
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Each year adds to the portion of any given region 
occupied by life and property and increases accordingly 
the probability of loss of life and damage to property. 
For this reason, not only the petroleum industry but 
also other industries should consider means of protec- 
tion for the future in addition to those required at 
present, and should make it possible for engineers and 
scientists to plan and execute a thorough program of 
field researches on the character of lightning discharges, 


e 
[e] 


THUNDERSTORM DAYS 


E 
< 
2 
z 
z 
« 
u 
o 
ul 
oO 
< 
þe 
= 
uJ 
e 
[^4 
ul 
a. 


8 8 


TOTAL NUMBER OF THUNDERSTORM DAYS SINCE 1876 
N 
© 


1—NUMBER OF THUNDERSTORM Days iN Los ANGELES 
SINCE 1876 


Cumulative chart from records of the Weather Bureau. In this form a 
straight line indicates a constant thunderstorm frequency. It should be 
noted that in 1903, an alteration was made in station regulations equivalent 
to changing the official definition of a thunderstorm from “thunder with 
rain" to "thunder with or without rain." This explains the increase in 
thunderstorms recorded since 1903. (From Marion E. Dice, "Lightning 
Hazards," Oil Bulletin, 13, 27, Jan. 1927.) 
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supplemented by such laboratory work as may be re- 
quired for the development of the apparatus for these 
tests and interpretation of the results obtained in the 
field. 

Directly following the 1926 oil fires, several oil com- 
panies using the laboratories at the California Institute 
of Technology as a base, independently or in coopera- 
tion with members of the Institute staff, undertook the 
problem of designing protection for their oil storage 
properties. The most extensive of these programs was 
conducted for the General Petroleum Corporation by 
Marion E. Dice of their Consulting Engineer's Depart- 
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ment and the California Institute of Technology 
High-Voltage Laboratory staff. It forms the basis of 
this paper. 


EFFECT OF LOCATION ON LIGHTNING HAZARD 

Given a geographical section within which certain 
industrial operations are to be carried on, are there spots 
within that area which vary as to the probability of a 
lightning discharge? 

A study of contributing causes for lightning, such as 
the breaking of water drops in upward currents of air! 
at the required velocity, showed that much can be 
done in reducing the lightning hazard by proper loca- 
tion with respect to thunderstorm paths. 

' Lightning damage may be caused by direct stroke or 
by ignition from secondary or induced discharges. 
As the energy in discharges caused by induced charges 
is relatively small, oil fires from this means can result 
only by such discharge acting as ignition systems. 
The obvious method for guarding against such effects 
is to reduce to a minimum the storage of highly com- 
bustible oils or gases given off by oils, and to keep 
well guarded against spark discharges the oils that are 
the more highly inflammable or give off gases which, 
with air, form explosive mixtures. 

The well-known impossibility of producing differences 
of potential between two objects within a completely 
closed conducting envelope by influences exerted 
without the envelope indicates the proper solution for 
the problem of induced discharges. In practise, 
therefore, the desired protection from induced effects 
has been obtained by storing readily inflammable oils 
or oils which will: give off explosive gases in all metal 
tanks, with well screened and properly designed vents or 
by the use of wire networks over wooden roofs. Float- 


ing roof construction, which reduces to a minimum the . 


free gas space above oil in a tank, is an aid to this form 
of conservation. 'Tanks constructed in this way are 
costly and it is therefore not practicable to use them as 
general storage for the millions of barrels of oil now 
stored. Fortunately a great percentage of the oil can 
be reduced to à heavy residuum of low volatility for 
storage. This heavy residuum can be safely stored in 
the large reinforeed concrete reservoirs, used so exten- 


sively in California, or in metal tanks with non-metal, 


non-floating roofing, providing such reservoirs or tanks 
are protected from direct hits. _ 

Before discussing methods of guarding against direct 
hits, the authors wish to present some data bearing 
upon the possibility of any special phenomena related 
to lightning which may be directly chargeable to the 
influence of the oil itself. 


COLLECTION OF CHARGES ON OIL SURFACES 


It was suspected at one time that certain oil fires of 
unaccountable origin might have been due to ignition 
from sparks caused by independent charges accumu- 
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lating on parts of a large oil surface and then coming . 
near enough to each other to have their charges equal- 
ized by a spark between them. The apparatus shown 
in Fig. 2 was used to make tests relating to this pos- . 
sibility. With voltage applied to the pan and terminal . 
above it as electrodes, charges could be detected at the 
surface of the oil only while such voltage was applied. . 
Also, during the application of voltage, the oil was 
always in circulation, the rapidity of circulation being: 
a funetion of the potential gradient through the oil. 


Bits of cork or other insulating material in the oil 


would show a rather definite circulation path from the 
strong field under the rod above the pan out to the 
weaker field. Frequently particles of insulation ma- 
terial in the oil, because of some pecularity, of shape or 
color, could be singled out and watched. Many of these 
particles were seen to act as though they were in, the 
business of carrying charges from the surface of the 
oil to the pan at the bottom; that is, with a rate of 
motion entirely apart from the rate of circulation of 
oil, these particles would come to the oil surface, move 
down until they touched the pan at the bottom, and 
then come to the surface again to repeat the operation. 
As a further check, a charged electroscope was con- 


nected to a conductor which. was allowed to touch the 
surface of the oil. In every case the electroscope was 
very quickly discharged. Also, it was found that the 
electroscope could not be charged above the potential 
drop through the oil so long as it was kept connected 
to the surface of the oil. These tests showed, as did 
similar earlier? ones, that oil cannot accumulate charges 
at points on its surface. Thus, there need be no fear 


` of isolated or local charges on the surface of oil building 


up or approaching each other, and igniting the gas 
above the oil by spark discharges. 


INFLUENCE oF OIL ON SPARK Dustin 


In planning protection for oil storage, one is con- 
fronted with the question; does oil have to be considered 
as a special problem because of characteristics which 
have influence, different from those of other. sub- 
stances, in directing the path of a lightning discharge - 
between a.charged cloud and the earth, or because of 
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any special phenomena relating to the accumulation 
of charges on the surface of a body of oil. 

It is a known fact that when a high potential direct 
current is applied to two electrodes insulated from each 
other, a dielectric, such as glass or mica, placed near the 
positive one materially lowers the voltage required to 
give arc-over between the two terminals? At the sug- 
gestion of E. R. Wolcott of the Union Oil Company of 
California, oil, being a dielectric, was examined for such 
an effect with negative results. There was found no 
evidence that spark-over voltage between two charged 
electrodes was changed by placing oil on the positive 


one. This is fortunate, for if oil in a reservoir on the 


ground could act to lower the discharge voltages, there 
would be a great hazard for theoil, whenever a negative 
cloud formed in the region of storage. 

This absence of any influence of the oil to cause it to 


A^ 


be a more probable target for spark discharges was also 
checked by the use of the piece of apparatus shown in 
Fig. 2. This apparatus consisted simply of a large 
shallow pan partly filled with oil. With an electrode 
above the pan (as shown), connected to one terminal 
of the source of direct current supply and the pan con- 
nected to the other many tests were made. These 
tests show that as the voltage was increased, the oil was 
agitated more and more violently until, as the voltage 
approached that required for arc-over, the oil was 
hollowed out under the upper electrode, as though blown 
away, and when the depth of oil directly under the 
electrode was sufficiently small, the arc struck through 


: the oil to the pan. If the voltage was kept constant 


and the oil level in the pan raised by adding more oil, 
the depth of oil (or, in other words, the thickness of 
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insulation over the pan), was increased, and no arc from 
upper electrode to pan took place. Also, when the oil 
film was not punctured, there was no are discharge from 
the upper electrode, the discharge around this electrode 
being limited to the corona discharge; that is, an are 
does not strike from a conductor to an insulator unless 
the potential gradient over the insulator is great enough 
to either puncture the insulator or carry the arc around 
it through the medium surrounding theinsulator. This 
is a fact of which one sometimes loses sight in thinking 
of the action of two insulators having different di- 
electric constants when placed in series in an electric 
field. When voltage is applied to such an arrangement, 
while it is true that the greater stress is upon the in- 
sulator with the smaller dielectric constant, it is also 
true that in order to obtain an arc there must be com- 
plete breakdown of both dielectrics by puncture or 


Fig. 3—DrEÉLECTRIC ÉErrkcTS or Oir IN A RESERVOIR 


(See also Fig. 4) 

A No oil 

B No oil 

© Oil in reservoir 


arc-over, as the arc cannot strike through one dielectric 
to the other as a terminal. | 

As a further check upon the inability of oil in a vessel 
to cause the discharge to take place more readily, many 
tests were made with smaller pans, dimensions of which 
were proportional to those of reservoirs. These were 
placed on the floor below the electrode used to represent 
a cloud, the other terminal of the power supply being 
grounded to the floor. With oil in the pan, the dis- 
charges missed the pan altogether or struck the edge; 
without oil in the pan, the discharges would hit in the 
pan or at the edge indiseriminately as shown by Figs. 
9 and 4. | 
LIGHTNING STROKES 


There are three possible ways of guarding against 
direct hits; vtz., to prevent the occurrence of lightning 
discharges between clouds and earth, to construct 
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the tanks or reservoirs in such a way as to provide 
immunity to damage from such hits, or to direct the 
hits elsewhere to conductors which will harmlessly 
carry a discharge occurring between cloud and earth 
until all energy of the discharge is dissipated. All of 
these suggested solutions were discussed shortly after 
Franklin’s invention of the lightning rod in 1752, were 
revived and again thrashed out about 100 years later 
when Sir W. Snow Harris devised lightning conductors 
for ships of the English Navy, and more than 50 years 
since were reduced to scientific analysis by Sir Oliver 
Lodge. 

To prevent lightning discharges between clouds and 
earth, itisnecessary to providea means of preventing the 
accumulation of sufficient charge on cloud and earth to 


No Oil in Reservoir 


Oil in Reservoir 


Storm Center 


(o) 
Storm Center over this Point 


over this Point 
P 
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o 
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_ Cloud 


*-— Point 
10 in, 


Metal Plate — Reservoir 
4— DIELECTRIC EFFECT or OIL IN a RESERVOIR WITH 
GROUNDED WALLS 
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These records show that the presence of oll in a. reinforced concrete or 
metal reservoir tends to direct electrical discharges, which would otherwise 
strike into the body of the reservoir, to the edge. At the same time, the 
presence of a body of oil of the proportions of a reservoir in a thunderstorm 
field does not affect the number of discharges which fall within that area. 
Oil does not attract or repel lightning. In the tests, discharges from the 
surge generator were directed into a scale model of one of the 500,000-bbl. 
Wilmington reservoirs when empty and when full of oil (13 deg. residuum). 
The storm center was over the center of the reservoir at an elevation of 
1000-ft. (actually 10-in.). The small circles show the location of hits. 


Results 
Reservoir Reservoir full 
Point Struck Empty of Oil 
Edge.......... 8 17 
Inside......... 8 0 
Outside........ 4 3 
20 20 


cause a discharge to take place between them. There 
are no known records of this having been accomplished 
in such a way as to make available any data on energy 
discharge from structures erected for this purpose, 
though there have been many schemes suggested‘. 
These schemes rely for the most part upon the use of 
points attached to earth as a means of discharging the 
charges produced. Tests to determine the value of 
such a scheme should be made on actual tower and point 
installations in a district subject to many lightning 
storms. Not having available such an equipment, 
tests were made with laboratory apparatus as shown in 
Fig. 5. This apparatus was constructed to scale and 
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tests made for several conditions involving different 
actual dimensions. 

In these laboratory tests, steady unidirectional fields 
were used, because, had alternating fields been used, 
the total current measured would be the resultant of an 
energy current in phase with the voltage and the charg- 
ing current leading the voltage 90 degrees. Lack of a 
proper wattmeter for use under such small -current, 


Kenetron Rectifier 
Tubes 


Smoothing 
Condenser 
0.02 Mfd. 


Flat Metal |Plate Cloud 


Micro - Ammeter 
in Shielding Box 
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Ground Plate 


-—— = 


F = 


Fig. 5—Dr1acramM or Tests oN DISSIPATION OF ELECTRIC 


CHARGE BY NEEDLE POINTS 


high-voltage conditions would make the separation 
of these components very difficult. There are also 
other difficulties with alternating fields, such as dis- 
torted waves having greater peak value on the positive 
half cycle than on the negative half cycle, which make 
the separation of energy current from total current 
practically impossible. With direct current, these 
complications are avoided and the conduction current 
between points and the upper plate has a steady value 
for any given voltage. 

The apparatus (Fig. 5) consisted of two parallel flat 
metal plates, mounted horizontally and insulated from 
each other. The upper plate represented the thunder 
cloud and by means of the kenotron and condenser 
equipment shown in the figure, could be charged to a 
maximum potential of 100 kv. The lower plate was 
connected to ground and represented the earth surface 
under the thunder cloud. A number of steel needles, 
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(Fig. 6), projected through holes in the grounded plate. 
Each needle was insulated from the plate by means of a 
small piece of glass tubing and all the needles were con- 
nected together at their lower ends by a third, smaller, 
flat metal plate which in turn was connected to ground 
through a micro-ammeter. The connecting lead was 
carefully shielded against induced charges by a 
grounded metal tube which surrounded it, and the micro- 
ammeter itself was placed inside a grounded screen wire 
cage. 

For each set of readings, the upper plate was set at a 
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given distance above the lower one, the points were 
raised above this plate 1/12 the distance between plates, 
and the needles were separated a distance of four times 
the needle height. The sphere-gap was set for a desired 
value and voltage was applied, slowly increasing until 
the gap sparked over, at which time the micro-ammeter 
was read. 

Results of some of the tests made are shown in Fig. 7. 
Each curve demonstrates the relation between the 
average voltage gradient between the plates and the 
conduction current from the points. The curves give 
no constant relation between conduction current and 
gradient, but indicate so many variables as to make it 
impossible to draw many conclusions from the data 
at present available. 

On the other hand, the curves show that the con- 
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duction current is practically zero (less than 1078 
amperes) up to a certain critical gradient in each case. 
From this point, as the gradient is increased, points are 
obtained according to some regular law (which permits 
them to be plotted as points in a curve). They also 
show that the current is influenced by the actual size 
of the apparatus within the range available in the 
laboratory at the present time, but it is inconceivable 
that the same order of increase of current with increase 
of scale will be maintained up to the scale of clouds and 
lightning towers in actual use. 


If conduction current great enough could be obtained, 
there would be a possibility of keeping the potential 
between earth and clouds down to a value too low for 
the discharge by lightning. Some calculations based 
on' the data obtained from the tests just described, 
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and from other investigations, may be of interest in this 
connection. 

C. T. R. Wilson* shows that a probable charge of 
50 coulombs is neutralized by a lightning flash. Simp- 
son® states the total charge to be of the order of 100 
coulombs. Norinder? found the time required for 
building up charges preceding lightning flashes to vary 
between large limits, the short intervals being only 
about three or four seconds and the longer ones, several 
minutes. Apparently a large number of them are built 
up in 10 sec. or less. Assuming for our calculations, a 
time of 10 sec. allowed for the accumulation of a charge 
of 50 coulombs, resulting in a gradient of 100 kv. per 
ft., if it is assumed that the gradient builds up at a 
uniform rate during 10 sec. of applied voltage the 
average current would be approximately 2.5 micro- 
amperes flowing for eight seconds, if it takes a gradient 
of 20 kv. per ft. to start the current as shown by Curve 
I (+), Fig. 7. The number of points required 
to give out this conduction current would be 


50 
8 X 2.5 X 1078 


points, each of which must be 1/12 of the cloud height. 
For clouds 2400 ft. high, this requires 2,500,000 200-ft. 
towers spaced 800 ft. apart. Conceding these calcu- 
lations to be largely in error, there is, nevertheless, 
little indication that lightning may be prevented by 
conduction currents from points. For cases of more 
rapid charge accumulation, the number of towers required 
would be correspondingly greater. 


= 25 x10 


TANKS 
The use of tanks for oils which are dangerously in- 
flammable has been discussed in relation to induced 
discharges. These same tanks made entirely of metal 


. ean be made to furnish, unaided except by good grounds, 


protection to contents for direct hits. They need no 


further discussion. 


LIGHTNING RODS 


Franklin when he gave instructions that conductors 
used for lightning rods should terminate at the upper 
extremity, with one or more points, and extend down- 
ward until they met permanently moist earth possessed 
of good powers of electric conduction showed knowledge 
of the fundamentals of lightning rod protection far 
beyond that of his associates. These fundamentals 
are, however, insufficient for the whole solution of the 
problem, and must be supplemented by knowledge of 
lightning phenomena developed since the time of 
Franklin, such as was reported by Sir Oliver Lodge? 
and added to by the engineers and physicists of today. 

. In fact, with all our knowledge of these phenomena, 
such as side flashes, back strokes, electrical inertia, 
and the effect of location, ground conditions, ete., there 


5, 6, 7. Loc. cit. 
8. Loe. cit. 
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seem to be no general rules which can be applied to all 
places to be protected, and these rules are sufficiently 
comprehensive to make unnecessary a special study of 
practically each location for which protection is desired. 

For oil in storage, it seems best to have the rods take 
the form of high towers, placed as far from the reservoirs 
and as far apart as practical, being at the same time 


near enough to each other to make almost impossible 


any hits to objects between them. Each tower so 
erected should be grounded at its base to the water 
plane below the tower, to all piping around the base of 


Fie. 8—SPnREAD oF DISCHARGE CURRENT OVER A CONCRETE 


FLOOR 


the tower, and to the reservoirs for which protection is 
being provided. 

"To avoid so far as practical, any danger from side 
flashes which might ignite the oil, the towersareerected 


: at some distance from the reservoir they are to protect. 


Good grounds directly under the towers also assist in 
reducing the possibility of side flash. Fig. 8 shows a 
current of electricity that appears to spatter all over the 
surface of a concrete floor with no special provision for 
good grounding when a condenser is discharged into the 
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Fia. 9—DIAGRAMS OF CONNECTIONS FOR FURNISHING 
DISCHARGES 


A-c. 50 cycles 

D-c. with condenser 
D-c. pulsating 
Surge generator 


Got? 


floor. 
the floor surface when it is well grounded. 

. Having decided to consider high towers well 
grounded, the next step was the making of many experi- 
ments to determine the protection area about rods as 
single units and in groups, as set up on models in the 
high voltagelaboratory. In making these experiments, 
many tests were made with a-c., 50-cycle sparks, d-c. 
sparks with and without condensers both for grounded 
positive and grounded negative terminals, and for dis- 
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charges from a surge or lightning generator? Con- 
nections used are shown in Figs. 94, B, C, and D. 

Results of the tests made for all types of discharge 
used show no absolute immunity for any area around. a 
rod. The tests were made on models having the storm 
centers two and four rod heights off center. Considered 
from a statistical viewpoint, the number of hits within a 
circle having one rod height as a radius and with its 
center at the rod was practically nil, but there was an 
occasional hit even within this area which was not 
taken by therod. _ 

As the area under consideration i is Increased by con- 
sidering larger boundary circles drawn about the rod, 


Point iin. (1500 FE) 
above this location 


Notation 
€ Stroke made with rod 
in place 5s Y 
iN. Branched Stroke ` 
@ Branched stroke which | 
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Actual DimensionsUsed — — 


- | Seale of original < I= 100°0" 
(Same as scale of Wilmington model) 


Fie. 10—DisTRIBUTION or Hits FROM. DISCHARGE NEEDLE 
OVER Point Four Rop Heieuts Away FROM Rop AND Ten Rop 
HEIGHTS ABOVE SURFACE 


the number of hits which can strike within a given 
area is increased until, at a distance of four times rod 
height from the rod, a circle may be drawn as indicative 
of the fact that beyond this point the rod furnishes 
little or no protection. 

Results of some typical tests are shown. in Fig. 10 
and Tables I, II, and III. These tests. show the / 
statistical protection values for single rods for areas 
enclosed by circles having radii of one, two, three, and 
four rod heights. All tests of this type were made with 
apparatus set up to scale, the rod in each case being 
considered as 150 ft. high. The actual rods used varied 
in height from 14 in. to two in., with actual sparking 
distances varying from about two in. to almost 27 in. 

Having determined in the laboratory what one rod 
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TABLE II 
PROTECTION AFFORDED BY SINGLE ROD 


Summary of laboratory tests with various sources of potential when storm 
center is four times the rod height from a vertical line through the rod. 
On the scale used, the rod height is 150 ft. and the average cloud height is 


2578 ft. With each source of potential 900 strokes were made with the rod 
and 900 without the rod. One rod height = h. 
D. C. 

D. C. with Surge 

(Pulsat-| A. C. Con- Gen- 

üng) |50 Cyc. | denser | erator 
Circle with Hits with rod 227 256 261 125 
Radius = 4 h| Hits without rod 401 386 . 415 397 
Per cent protection 43 34 37 69 
Circle with Hits with rod 74 76 67 31 
Radius = 3 h| Hits without rod 198 168 148 183 
Per cent protection 63 55 55 83 
Circle with Hits with rod 15 7 2 3 
Radius = 2 h| Hits without rod 77 63 47 65 
Per cent protection 83 89 96 96 
Circle with Hits with rod 0 0 0 0 
Radius =h Hits without rod 19 19 12 14 
Per cent protection 100 100 100 100 

No. of strokes to rod 278 181 333 345 . 
Per cent of 900 strokes to rod 31 20 36 38 
TABLE III 


PROTECTION OF A SINGLE ROD 


Summary of laboratory tests when the storm center is twice the rod height 

from a vertical line through the rod. On the scale used, the rod height is 

150 ft. and the average cloud height is 2578 ft. With each source of dis- 

charge used 900 strokes were made with the rod and 900 strokes without 
' the rod. One rod height = h. 


D.C. 

D. C. with Surge 

(Pulsav-| A.C. Con- Gen- 

ing) 50 Cyc. | denser | erator 
Circle with Hits with rod 208 192 147 61 
Radius = 4h | Hits without rod 721 602 774 650 
Per cent protection 71 71 81 92 
Circle with Hits with rod 129 108 134 16 
Radius = 3h | Hits without rod 5062 501 614 495 
Per cent protection 77 76 78 97 
Circle with Hits with rod 39 26 45 3 
Radius = 2h| Hits without rod 318 263 332 264 
Per cent protection 88 90 86 99 
Circle with Hits with rod 1 0 0 0 
Radius = h Hits without rod 94 66 81 74 
Per cent protection 99 100 100 100 
No. of strokes to rod 584 615 710 675 
Per cent of 900 strokes to rod 65 68 79 75 


will do, combinations of rods using 2,3,4, and 6 rods set 
on the circumference of circles were tried. Many 
tests were made with the rods grounded and connected 
to one side of the circuit, and an electrode above the 
center of the circle, on the circumference of which the 
rods were located. The rods took a large share of the 
hits, but it was entirely possible to make a portion of 
them strike the area within the circle when that circle 
had a radius of 4 rod heights. For smaller circles the 
number of hits inside was less. Also the protection 
factor increased with increase in sparking distance, or 
height of point above the plane of the rods. 

Data about cloud height showed thunder clouds for 
Southern California to have a height of 2000 to 6000 ft. 
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above the earth.? The preliminary work while far 
from complete suggested as a probable safe spacing of 
protective towers such that no portion of the area to be 
protected would be more than 21% times a tower height 
from a tower. 

To check this hypothesis, a model of one of the im- 
portant storage farms to be protected was made to the 
scale of one inch equals 100 ft. 

In making the protection plan, the model was tested 
first with towers only, the towers being adjusted as to 
location and height until it was practically impossible 
to make any discharges hit the miniature reservoirs. 
It was considered unnecessary to make it impossible 
to get a discharge to structures representing steel tanks. 
After the reservoirs were thus fully protected, some 
connecting cables were added at the 150 ft. level and 
another group of tests was made to test their effect. 
As a further precaution, each cable has, at the middle 
point of the spare between towers, a vertical cable 
extending downward from the aerial cable to the ground 
cable. 

Each tower at its base, is grounded by means of a well 
drilled to permanent water and is also tied in to the 
water pipe system which is installed in such a way as 
to form a complete loop around each reservoir. The 
reinforcing steel of each reservoir is also connected 
to this grounding system. 

In conclusion, it may be said that the authors feel 
that very good protection has been provided for the oil 
reservoir farms of California. It is urged, however, 
that more knowledge of lightning phenomena be gained 
as rapidly as possible. Asa step in this direction many 
towers which have been erected are being equipped 
with fusible tips and klydonograph attachments to 
make it possible to get records of hits to towers. 
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ll—EQviPorENTIAL LINE AROUND A Conpuctina RoD 
" UNDER A CLOUD 


This plot was obtained by the formula quoted by H. V. Ingersoll in his 
thesis. The potential of any point (z, y) on the line is 5. The potential of 
the cloud is 100 and the potentential of the earth is O. "The height of the 
cloud above ground is 6.69 and the height of the rod is 1.22. In the plot the 
vertical scale is 214 times the horizontal scale. 
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Appendix 


Inasmuch as grounded conducting towers do act as 
lightning rods, it would be natural to expect that 
some law of influence of a rod in space upon the electric 
field about that rod may be found. A search of litera- 
ture for results of such studies and a series of tests to 
determine the effect of conducting rods upon an ad- 
jacent electric field were planned. The tests have not 
been completed and results which can be considered 
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conclusive have not been obtained as yet, but a large 

number of tests and two equations found in a thesis of 

H. V. Ingersoll, indicate something worthy of attention. 
The equations are 


$,— d, 
l2 
VA — a — d) JV Y= PPP +40 y + A 
and 


$ = 


"Ak 
vV = e-k) t VI- e-e- eH Aey 
The first of these equations was developed at the 
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Figs. 12, 13, AN» 14—EQviPOTENTIAL LINES BETWEEN CLOUDS 
AND GROUND WITH DIFFERENT ARRANGEMENTS OF Rops 


Charts plotted from tests made with salt tray shown in Fig. 15 
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California Institute of Technology, whereas the second 
one is taken from a paper by Dr. Charles H. Lees 
published in the proceedings of the Royal Society of 
London, 1915. 
In the first equation the following symbols are used: 
@ = potential at a point (x, y) 


ə = potential at a cloud 
$; = potential at ground 
l = height of cloud above ground 


d = height of rod. 

In the second equation the symbols used are: 
v = potential at a point (x, y) 

h = height of rod 
a 


T 
Eu vertical potential gradient at point (x, y). 


If the vertical potential gradient is constant over the 


Ve — V 
whole area then a 
| h l 

where 

7, = potential of cloud 

vı = potential of ground 

l = distance between cloud and ground. 

The equation now is 

Vo — V1 
o ml 2 


v(y-z-MP)rvi-o-z-Mrb-r4ry 
With 4, and v, taken as zero and Dr. Lees' equation 
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15—DiAGRAM OF TESTS TO DETERMINE EQUIPOTENTIAL 
LINES WITH VARIOUS Rop ARRANGEMENTS 
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multiplied by m to get both equations in the same 
system of units the equations are identical. 

Fig. 11 shows a curve plotted by use of these 
equations. 

Figs. 12, 18, and 14 show charts obtained by means of 
a salt tray with one, two, and three rods respectively. 

The salt tray used was 21 in. by 25 in. in size. 

The bottom was a true plane kept level and then 
covered to a depth of 14 in. with tap water. 

Fig. 15 shows the arrangement used in making the 
tests. 

An attempt was made to get from men with several 
years of experience at industrial plants, such as smelters 
with high stacks, located in places subject to con- 
siderable lightning reports of hits with relation to tall 
stacks equipped with'lightning rods. 
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The reports are somewhat in disagreement and do not 


furnish material from which positive conclusions may 


be drawn, but there are a number of cases of reports 


backed by competent and careful observations which 
state that lightning often hits close to high stacks 
properly equipped with good TERGURE rods, without 
striking the rod. 
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Lightning Protection for the Oil Industry 


BY E. R. SCHAEFFER: 


Associate, A. I. E. E. 


Synopsis.—Building safe storage for the products of the oil 
industry is quite a different problem from making the storage already 
in use safe from fires started by lightning. The latter problem is dis- 
cussed with some principles to be observed. Details of construction 
are so varied that it is difficult to give general rules. A record of 
several hundred installations over a period of about three years is 
given. | l | 

Work with small models in the laboratory has been successful in 
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NY problem connected with lightning is difficult on 
account of the magnitude of the quantities in- 
volved. Because of the inflammability of hydro- 

earbons, the complexity of the operations, the great 
haste, and vast extent of the oil industry, any problem 
bearing on fire prevention in the petroleum field pre- 
sents great diffieulty. When we associate the two in 
an attempt to design protection against lightning for 
the oil industry, the problem is very complex and its 
solution will not be simple nor easily attained. Any 
hope of suecess in such an undertaking must rest on 
first-hand knowledge of the conditions under which 


fires most frequently occur, knowledge of details of 
` construction, the varieties of construction used by 


different companies, special hazards arising from daily 
operations, and the effects of corrosion. 

There are two distinct phases to consider; first, to 
design an oil tank which will be inherently safe against 
lightning; and second, to design a system which will offer 
a high degree of protection for the storage tanks in 
actual use today throughout the oil industry. 

The solution of the first is easy and is probably exact. 
Theory and practise both indicate that the modern all- 


Fic. i= Suowine THE EFFECTS ON METAL Se Nina 
TO Woop Decxs CAUSED BY TEMPERATURE CHANGES AND BY 
FILLING AND Empryine THE Tank. IN Many CASES THE 
EFFECTS OF CORROSION ARE JUST AS BAD 


~ 


steel, gas-tight tank is the best type of construction. 

The solution of the second problem is difficult and at 

best will result in an approximation, but for the present 

it is the more important. There are millions of dollars 
1. Of the Johns-Manville, Inc., New York, N. Y. 


Presented at the Pacific Coast Convention of the A. I. E. E., 
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some cases. It is unwise to rely too much on work of this kind, 
however. l 

Since the seat of the charge under a storm cloud is largely on pipe 
lines, tanks, and other metal parts in the oil fields, lightning devices 
should be securely attached to these structures. A network of pipe 
lines at or near the surface makes a better ground for towers than a 
single shaft driven vertically downward to permanent moisture. 

* * * * * 


. invested in unsafe storage tanks and the aim is to give 


this property the highest possible degree of protection 
and ata reasonable cost. Itis the purpose of this paper 
to discuss the design and construction of protective 
devices for oil storage tanks now in use. 

Oil is stored in various containers. The most com- 
mon are steel tanks, spaced on 300-ft. centers, usually 


Fra. 2—A Nance Dingeuecs BETWEEN THE ROOFING 
MATERIAL AND THE VERTICAL STEEL SHELL AT THE EAVES OF A 
TANK WHICH IS NOT VAPoR-T1GHT May BE THE CAUSE OF A FIRB 


about 115 ft. in diameter, 30 ft. high, and having a 
capacity of 55,000 barrels. Although the tendency is 
definitely toward the use of steel decks for such tanks, 
a large number still have wooden roofs or decks, 
covered with sheets of galvanized iron or vapor- 
resisting paper and waterproofed fabrice. In some 
localities, corrosion is so bad that steel decks last less 
than two years and only a wooden deck can be used. 
This is particularly true where the sulphur content of 
the crude oilis high. In California and also in the mid- 
continent field there are a number of earthern reservoirs 
most of which are lined with reinforced concrete and 
covered with wood decks similar to those used on tanks. 
Some of these are circular, having a radius of 250 ft. 
or more, while others are ovals of radius 300 or 400 ft. 
and length 600 to 1500 ft. The capacities run from 
500,000 to 5,000,000 barrels. 

It is common practise throughout the oil fields to 
gage and sample the oil from hatches on the deck. 
There are generally from one to four such gaging 
hatches per tank and there are several designs with 
various methods of closing but few of which can be 
considered gas tight. 

If this brief description properly defined the problem, 
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much could be done in an experimental way with 
models. Unfortunately, however, there is a great mass 
of detail which seriously complicates the problem. 
Other tank fittings and arrangements of pipes vary so 
widely from one company to another that it is necessary 
to examine the design and installation of each company, 
and frequently of each tank, for appliances which are 
liable to give rise to sparks during electrical storms. 
Special hazards introduced by the location and charac- 
ter of structures near oil storage complicate the prob- 


INSULATION 


Fic. 3—Cross-SECTION OF THE EAVES CONSTRUCTION WHICH 
18 FLEXIBLE AND Vapor Ticut. Ir 1s Composep or HEAT 
InsuLaTion, UsvALLY Harr FELT, AND RooriNa FABRICS 


lem still further and discount any scheme of protection 
which is based entirely on the behavior of models of 
isolated miniature tanks and devices in the laboratory. 

While the main lightning discharge is so powerful that 
it is liable to cause fires under any conditions, it is not 
necessary that an oil container receive a direct light- 
ning discharge in order to cause a fire. Some years ago 
- when little or no precaution was taken in the refineries 
against escaping gases, it was not uncommon to have a 
number of fires resulting from a single lightning flash 
in the vicinity of the refinery. Under such conditions, 
only a small spark is necessary to cause a fire, and it is 
well known that such sparks due to the surge of electric 
quantity across the earth's surface or to induction have 
caused fires at a considerable ‘distance from the point 
which received the main discharge from tke cloud. To 
illustrate, one large company erected a tower about 
120 ft. high in one of its tank farms. A few weeks later 
the tower was struck and two tanks were fired, one tank 
about 200 ft. away and the other tank about 900 ft. 
from the tower. The disastrous fire at Monterey, 
California in 1924 was caused by lightning setting fire 
to a tank when the main discharge was received by a 
tree 780 ft. away. The reservoir fire at Coalinga in 
1924 was caused by lightning although the actual flash 


was seen to strike on or near a pipe line about a quarter 


of a mile from the reservoir. The great reservoir fires 
at San Luis Obispo and at Brea, California in April 1926 
were unquestionably caused by lightning. It is not 
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known whether the latter fires were caused by direct 
hits or by minor sparks which aecompanied the light- 
ning discharge. The reservoir fire at Bakersfield a few 
weeks later was reported to have been caused by a 
direct strike of lightning which tore a hole in the deck. 
This reservoir was a simple earthern pit without rein- 
forced concrete lining and it contained fuel oil. 

Itisimpossible to say what percentage of oil fires have 
been eaused by direct hits and what percentage by small 
sparks or secondary effects, but from the available data, 
it is reasonable to conclude that a large majority was 
caused by secondary lightning discharges. 

Evidently, in the daily handling of large quantities of 
inflammable material and in the storage of such material 
in containers that are not actually gas tight, there is 
great danger that small sparks, which alwaysaecompany 
lightning discharges, may cause a fire even though the 
main discharge be several thousand feet away. Sparks 
caused by the surge over surfaces of varying resistance 
or along several paths of different impedance, when the 
earth's charge disappears at the instant of a lightning 
flash, are most certainly the cause of a majority of the 
fires and explosions in the oil fields. 

In a general way, there are three conditions to fulfill 
for the prevention of fires on oil property set by minor 
discharges: 

1. With the exception of one breathing vent, the 
containers must be kept closed, 

2. Isolated pieces of metal in or near the vapor 
space must be grounded and all loose joints between 
metal parts must be eliminated to prevent the possi- 
bility of sparks, 

3. The vulnerable areas should be enclosed by a 
Faraday cage or network, completely enclosing the 
non-metallic parts and securely grounded. 


b — t P s mat 
Fic. 4—A WiNcH Box on THE DECK. 
Vapor TIGHT 


THE COVER 18 NOT 


When it is realized that all this must be done at small 
cost, without cleaning the tanks, and frequently when 
the tanks are filled with oil, the magnitude of the 
problem is apparent. | 

The design and construction of a suitable network or 
eage is the most important thing to be discussed here. 
Such a network was first designed and applied to 
wooden roofed tanks which had been covered with heat 
insulation and had been made vapor tight with flexible 
materials to prevent evaporation losses. 


176 


If a network of wires is placed under the heat insu- 
lation and roofing material, the wires would have to be 
very close together to prevent sparks between and 
below the plane of the wires, in or near the metallic 
fittings on the deck. There is danger also that when 
under storm conditions the charge on the deck is 
suddenly released by a lightning discharge, the roofing 
material may be punctured. This is particularly 
_ likely to happen at the edges of tank fittings or at the 
eaves where shallow pools of water may collect directly 


Fia. Pire Dm Faia PIPE ye THROUGH A 
Lar@e HATCH ON THE DECK 


over the angle irons of the tank. If some material such 
as poultry netting is.used there is great danger of sparks 
at the mechanical junctions where the netting is at- 
tached to the tank and at the edges of the strips of 
netting since all junctions must be purely mechanical. 
If a network of small mesh ‘wire is placed directly over 
the roof and resting on it, there is the same danger of 
sparks occurring and, in addition, it would be again 
particularly difficult to deal with tank fittings where 
gases escape during changes of temperature of the vapor 
space or during the time the tank is being filled. Since 
only mechanical junctions are permissible, and these are 
very likely to spark during high-potential discharges, 
it is important that such junctions are not in a region 
where there is an explosive mixture of gases. 

This factor, as well as the high cost of installing a 
network of small mesh and the danger that it would be 
damaged by workmen on the tank, made it necessary 
to consider a network of wires raised some distance 
above the deck. If wires were stretched across the 
deck it is necessary first of all that they be high enough 
so men can work under them. Since the purpose of the 
system of wires is to reduce the charge which may 
collect on the deck under storm conditions, and to 
provide a low-resistance path to ground when a light- 
ning discharge occurs, the network must be grounded 
in a satisfactory manner. It should be securely 


attached to the tank itself and additional precaution . 


should be taken to protect the eaves of the tank, since 
it is well known that most of the fires start there. The 
most obvious design then was a system of wires extend- 
ing radially from a central wooden post at the peak of 
the deck to a cable supported above the eaves. This 
cable would have to be about 7 ft. above the eaves and. 
supported preferably by metallic members attached to 
the tank as securely as possible without welding. It 
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was necessary then to determine how far apart such 
wires should be and, if possible, to measure the degree of 
protection that such a distribution of conductors would 
offer, or at least find the ratio of the charge on the 


elevated conductors to the charge on the tank roof when . 


a charged cloud was overhead. 
Preliminary tests were made on a wooden platform 


about 12 by 20 ft. covered with hair felt and saturated: 


paper similar to the construction for vapor tight tank 
roofs. This deck was set up 2 ft. above the floor in a 
large room with a system of four parallel No. 4 copper 
wires arranged 614 ft. above the deck. The spacing of 


. these parallel conductors was varied during the course 


of the experiments from a few feet up to the entire 
length of the deck. Above these parallel wires was a 
cloud of poultry netting, 10 by 24 ft., suspended fromthe 
ceiling by cotton tape. This netting was connected to 
one terminal of a large transformer; the other terminal 
was connected to the parallel wires over the deck. At 
one edge of the roofing platform, this grid was dropped 
vertically downward to the deck and grounded. The 
surface resistivity of the saturated paper on the deck 
was quite high when the surface was dry, being about 
100,000 ohms per cm. This was reduced bya large factor 
when the paper was wet. 
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: Fic. 6—EqvuiPoTENTIAL LINES IN THE CURRENT SHEET. 


THE FRACTION OF THE CURRENT WHICH FLOWED TO THE GRID 
(aaa) INDICATES THE AMOUNT OF SCREENING PRODUCED BY 
THE GRID IN THE ELECTROSTATIC CASE 


A number of methods was tried for determining the 
potentials at points in the field between the deck and 
the poultry netting, particular attention being given to 
the region between the deck and the plane of the grid. 
None of the methods tried was considered satisfactory. 
However, equipotential surfaces were plotted and it was 
estimated, from the shape of these equipotential 
surfaces, that the amount of protection giver."twas 
about 75 per cent. 

The equipotential lines in a current sheet can be 
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easily studied and this gives a simple method for getting 
the required information. Accordingly, apparatus was 
set up to represent the cloud, a parallel grid and the 
earth in cross-section and the work carried out in a small 
horizontal glass tray. Referring to Fig. 6 C C is the 
cloud, D D the deck or plane to be protected and aaa 
is the grid; that is, the points of intersection of the wires 
with the vertical plane perpendicular to the wires. 
The tray had a plate glass bottom about 24 by 36 em. 
and contained dilute salt solution to a depth of about 
0.3cm. The cloud (C C) was a bar of brass and formed 
one terminal for the current sheet in the tray. The 
protecting wires (aaa) were small pointed brass rods 
screwed into a horizontal bar supported above the 
water. These rods were all adjusted in length so that 
they just touched the glass tray. The bar holding these 
rods was connected to the bar (D D) representing the 
deck and these together formed the other terminal. 
Using low voltage, 500 cycles, equipotential lines as 
shown in Fig. 6 were obtained by using a telephone 
receiver and exploring points. 

When D D was moved downward to the new position 
D' D' the equipotential surface dropped down as indi- 
cated in the figure. In order to get some idea of the 
screening action of the grid, the bar holding the points 
(a a a) was disconnected from D D and thecurrents which 
flowed from C C to the grid and to the deck (D D) were 
measured. "These currents were measured for a number 
of different positions of the cloud C C and of the deck. 
Also the spacings of the points aaa were changed. 
The ratio of the current flowing to aaa and to DD 
was taken to be the value of the protection offered to 
the plane D D by the wires (aaa). This ratio was 
practically independent of the position of C C so long 
as C C was more than three times the spacing of a a a. 
It depended very much, however, upon the spacing 
between the wires (aaa) and the distance from these 
wires to the plane (D D). So long as the bar (C C) was 
some distance away from the grid the ratio of the spac- 
ing of the grid to the elevation above D D determined 
the amount of protection. 

Maxwell calculated the screening effect of a grating 
of equally spaced parallel wires on a plane surface 
parallel to the grating. This is the simplest case and 
is probably the only one that has been solved mathe- 
matically. The formula derived by Maxwell? gives 
the density of charge induced on the lower plane when 
the grating is interposed. The density of this charge 
is to that induced if the grating were removed as 


b, be 
a (bı + be) 
where b, is the distance from the grating to the lower 
plane, b, the distance from the grating to the upper 


plane and o is a function of the spacing of the wires 
given by the following expression: 


2. ‘‘Electricity and Magnetism,” Volume I, Article 203. 


1:1 + 


SCHAEFFER: LIGHTNING PROTECTION FOR THE OIL INDUSTRY - 177 


E dd (25 T.) 
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Spacing of wires Height of wires 


Calculated protection 


3 ft. 7 ft. 86 per cent 
5 ft. ? ft. 75 per cent 
7 ft. 7 ft. 66 per cent 
3 ft. 10 ft. 90 per cent 
5 ft. 10 ft. 81 per cent 
7 ft. 10 ft. 73 per cent 
10 ft. 10 ft. 65 per cent 


A large number of readings were made then with the 
current sheet to get values indicated for the protection 
offered by a grid. The percentages were all from 1 to 
6 per cent higher than those calculated. While the 
experimental method is probably not capable of great 
accuracy, it did indicate a procedure for studying cases 
which are too complicated for mathematical solution. 

The experiment with the current sheet is so s'mple 
and the results obtained were apparently so satisfactory 


Fia. 7—Cross-SECTION OF A TANK PROTECTED BY A SYSTEM 
or PARALLEL WIRES 7 Fr. on More ABOVE THE Deck. THB 
ACTUAL MopEL IN Use was 2 PER CENT or THE DIAMETER 
oF A 55,000 BARREL TANK 


that it was decided to study the cross-sections of details 
on a much larger scale. A large piece of plate glass 
40 by 60 in. was used as a tray. A cross-section of a 
storage tank was inserted at the base of the tray over 
which was arranged a cross-section of the proposed 
network. The currents flowing to the cross-section 
of the deck and to the grid were again measured. In 
this case, the deck was receiving 13 per cent of the 
total current. 

The records of tank fires show that in a large majority 
of cases, the fires start at the eaves of the tank. 
Accordingly, a large model of the eaves construction 
was made and the proposed plan for the grid installed in 
cross-section. Fig. 8 shows the reproduction of the 
equipotential lines traced for the eaves construction. 
It was not found possible with this arrangement to 
trace equipotential lines under the grid when the wires 
are placed very close together on the vertical bracket 
(vv). This model was made to scale, on the supposition 
that the cable at the top of the bracket was to be in- 
stalled 7 ft. above the eaves and extend outward beyond 
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the eaves, about 3 ft. It is evident that a network must 
not only cover the deck but it must enclose it. While 
a fairly large spacing of the wires is probably satisfac- 
tory over the deck, the region over and around the 
eaves should be protected with a wire net of small 
mesh. | 

L.Since an actual installation gives a cage which is 
much more effective than a system of parallel wires, 


eae, 


Fie. 8—EQuIPOTENTIAL LINES AT THE Haves or A TANK 
PROTECTED BY A SYSTEM OF WIRES. THE PROTECTION IS 
INCREASED BY PLACING Wires CLosE TOGETHER ON THE 
VERTICAL BRACKET vv 


which this last model represented, it was necessary to 
build a model and devise a method for getting the 
effectiveness of a miniature network. Soa tank model 
was made to be tested for the three-dimensional case. 
The tank was built of a wooden frame on the scale of 1 
to 40 for the 55,000 barrel tank. Galvanized iron was 
used for the tank and a system of radial wires applied 
to.scale according to the proposed scheme. The cloud 
consisted of one-in. mesh wire screening, 5 ft. by 10 ft. 
A vibration galvanometer was used merely as a sensitive 


= a-c. ammeter to measure the charging current to the 


capacities formed by the network and the roof. Charg- 
ing currents are proportional respectively to the capac- 
ities and to the charges that collect on the network 
and the roof. The results obtained this way were 
checked by using a ballistic galvanometer for com- 
paring capacities. The ratio of the deflections gives 
directly the ratio of the charges desired. Measure- 
ments with the vibration galvanometer gave 96.8 per 
cent of the charge on the network. The ballistic galva- 


nometer gave 98.4. This is the rato of the charge 
which collects on the shell of the tank mode and the 
network to the charge which collects on the insulated 
metal tank top under the network. 


Some tests in the field have been made to get an. 


approximate idea of the efficiency of. this network as 
actually installed on a tank. The attempts to measure 
the effect directly indicate that the efficiency is greater 
than 90 per cent. A more accurate result cannot be 
given on account of the difficulty of measurement and 
the crudeness of the apparatus used. The method 
consisted in measuring simultaneously the quantities 
of electricity discharged, at the time of the lightning 
flash, from a section of the network itself and similar 
conductors protected by the network. An improve- 
ment of this method will in all probability yield valu- 
able information concerning the size of mesh necessary 
to reduce secondary effects to an even greater safety. 
The ratio of the spacing of the radial wires composing 
the network to the elevation above the deck has a maxi- 
mum value of five to seven over surfaces which are poor 
electrical conductors. The minimum value of the 


' spacing was 18 in. at the eaves. Certainly this spacing 


of wires is too great unless conditions are very favorable. 
It is of the greatest importance to eliminate poorly 


Fia. 9—DovuBLE ÁNGLE-InRoN BRACKETS ON THE Top Rina 
or THE Tangs HOLD THE PERIPHERAL CABLE TO WHICH THE 
RADIAL WIRES ARE ATTACHED 


connected or isolated pieces of metal wherever possible. 
When this is not possible, it is necessary to use a screen 
of small mesh. The smaller the mesh the more com- 
plete the protection but the smaller the mesh the greater 
the cost and in most cases the greater the difficulty of 
application. Since most fires start at the eaves of the 
tanks it is advisable to increase the protection at this 
point. While the spacing of wires over the tank 
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proper may be satisfactory the spacing in the vicinity 
of the eaves should not be greater than 1 ft. Welded 
mesh wire with a 4-in. spacing should be installed on the 
steel brackets. This mesh wire should be 6 ft. wide and 
should extend completely around the tank at the eaves. 
The lower edge of this mesh should be at least one ft. 
below level of the angle iron on top of the tank shell. 
Above this width of welded mesh, No. 12 wires should 
be installed one ft. apart on the brackets and on the 
radial wires over the eaves. 

If economy were not an important consideration 
many special problems and difficulties could be avoided 
by using à network of sufficiently small mesh. A grid 
of wires may reduce effects to a very small fraction but 
this may not be enough if the structure to be protected 
is fundamentally bad, or when operating conditions are 
such that fires may be easily started. A large quantity 
of gas is given out when crude oil is pumped into a 
tank and a lightning discharge near the tank at this 
time is very dangerous regardless of the protective 
devices. When oil is pumped out of a tank the air 
entering makes an explosive mixture and a very small 
spark will destroy the tank. 

The over-shot pipe which passes through an open 


"^ hatch is still in daily use in some places and may 


occasionally be used in emergencies by the most careful 
oil men. A surge along this pipe line is likely to cause 
a spark where the pipe passes through the tank roof and 
of course such a spark would ignite any vapors present. 

In most cases the breathing vent is installed on the 
deck. "These vents, fitted with fine mesh screens; are 
usually low but in some cases extend 5 ft. or 6 ft; above 
the deck, and, in one case, over 20 ft. "This extension 
was made so that if the vapors catch fire the flames will 
be high enough above the deck to prevent setting fire 
to the roofing materials. Probably the most satis- 
factory solution here is to avoid anything over 4 ft. 
high and to install a net of 2-in. mesh wire on top of the 
grid composing the main network. | 

A large number of special problems have been con- 
sidered during the past three years. Much experi- 
mental work has been done with models of tanks, of 
reservoirs, of gas collecting systems; and other construc- 
tion details, using various types of electrical discharges. 
In some cases the results of work seemed to be definite 
and conclusive but in the majority of cases such experi- 
ments were unsatisfactory. Several investigators have 
made use of small models and unquestionably much of 
value has been learned in this way. However, one thing 
brought out very clearly during the course of this study 
was that the greatest care must be exercised in the 
interpretation of results in laboratory tests on models. 
It is quite possible to make a device or small model 
and apparently prove it satisfactory when experience 
under actual conditions shows it is not. Even though 
the models, cloud elevations, and voltage are reduced to 
a convenient scale, there are some factors which cannot 
be so reduced and, what is just as important, there are 
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always conditions in actual practise which are quite 
impossible to simulate. Unfortunately, it takes several 
years to accumulate information in the field which 
could be obtained in a few weeks in the laboratory. 
But if the field record is from a large number of appli- 
cations and the time includes sufficient number of severe 


storms the information is, of course, of prime value. 


The network essentially as previously described has 
been installed on about 800 tanks during the past three 
years. These tanks are well distributed from Pennsyl- 
vania and New York, through Louisiana, Texas, 
Oklahoma, Kansas to California. The first and the 
largest number of installations was made in the mid- 
continent fields where the damages from lightning in the 
past have been very heavy. In a group where there 
are over 100 protected tanks, one tank was fired by 
lightning just two years ago. There have been no 
losses in this group since. In an equal period of time, 
including nearly the same number of storms, prior to 


Fia. 10—W ATER SEAL FOR THE EAVES OF A LARGE RESERVOIR 
IN CoursE or CONSTRUCTION. THE TRoucH IS CONCRETE 
REINFORCED WITH WELDED Mess Wire. SHEETS OF ZINC 
ARE NAILED TO THE DECK AND BENT DOWNWARD INTO THE 
TRovuGH. THE Woop DECK 1s THEN CovERED WITH ROOFING 
PAPER 


the installation of the networks, nine tanks in this 
group were fired by lightning. 

Several other fires have occurred on protected tanks, 
but always on tanks which, on account of operating 
conditions, were particularly susceptible, and which 
could not properly be considered to have a fair degree 
of protection. In two cases the hatches were open and 
the tanks were being filled with Oklahoma crude when 
the tanks received a direct lightning discharge. In 
two other cases the heat insulation and vapor tight 
roof had been installed over loose metal sheets. The 
oil had just been pumped out of these tanks leaving a 
mixture which exploded when struck by lightning, blow- 
ing the entire roof off the tanks. It is too much to 
expect a simple inexpensive network to protect tanks 
containing explosive mixtures and so constructed that 
thereare numerous air-gaps between disconnected pieces 
of metal. Only one fire has occurred with conditions 
under which the network should have been effective. 
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In all other cases, the fires were due to changing con- 
ditions during the process of normal operation of mov- 
ing the oil or due to causes otherwise avoidable. - Elimi- 
nating those cases where for some reason the tanks were 
open, the reduction in the number of fires for a period 
of two and a half years amounts to over 90 per cent. 


|| It is definitely known that some of these fires were. 


started by primary discharges and it is probable that 
all were started in this way. Certainly some of the 
fires could have been prevented if towers had been used 
to, protect the tanks from direct lightning discharges 
although in several cases recently reported, no fire 
was started when a direct lightning discharge was 
received by the network. - 


The large ground reservoirs presented new difficulties, 
but the enormous value concentrated into a relatively 
small space, justified greater expense in building a pro- 
tective system. The cooperation of several of the 
California companies in working out details of construc- 
tion, and their excellent scheme for reducing the oxygen 
content in the vapor space of the large reservoirs, by 


RESERVOIR SHOWING THE PERIPHERAL CABLE, GRID AND, IN 
THE BACKGROUND, A STEEL TOWER 


the introduction of flue gases, made possible a degree 
of protection of the highest order. | 

A niillion and a half barrels of oil may be stored under 
one roof, half underground, on about 10 acres which 
otherwise would require 30 tanks on at least 50 acres. 
These reservoirs usually have a lining of concrete 
reinforced with 6 by 6-in. welded mesh wire. No. 6. 
The mesh is 10 ft. wide, lapped 6 in. on each strip 
and fastened together with short pieces of soft wire. 
This mesh wire is carried up to the eaves and is covered 
with concrete. The bottom of the reservoir usually 
contains several in. of water and above this the depths 
of oil may be as much as 30 ft. A number of pipe lines 
may lead into this reservoir, the main lines being 
usually 16- or 18-in. pipe. Surrounding the reservoir 
there is usually a three of four in. water line with fire 
hydrants, 300 or 400 ft. apart. Such pipe lines form 
the best means for grounding lightning devices. 

. The record of some appliances which have been in 
use for a number of years suggested that a peripheral 
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cable grounded at frequent intervals is probably the 


most satisfactory and economical protection for the 
eaves of the ground reservoirs. If this is supplemented 
by a number of steel towers arranged around the reser- 
voir, a high degree of protection should be obtained 
against primary lightning discharges. A grid of wires 
over, the entire deck would raise the charge under a 
storm cloud, above the deck and provide a path for the 
surge which otherwise would go over the deck when the 
cloud discharged. 

Accordingly, telegraph poles were installed 40 ft. 
apart on the top of the embankment of the reservoirs 
about 12 ft. out from the eaves. These poles are 12 
ft. above ground and are listed about 2 ft. outward from 
the reservoir. A 3%-in. stranded steel cable is supported 
near the top of these poles and extends completely 
around the reservoir. One or more guy wires, extend- 
ing from each pole, are connected to this peripheral 
cable the guy wires serving the double purpose of 
mechanically strengthening the system and. affording 
good grounding connection. These grounds consist 
of metallic screw anchors and are all connected together 


‘by an underground copper cable which, in turn, is 


grounded to all of the pipe lines in the vicinity of the 
reservoir. 
A detail map of an area that has been developed by an 


. oil company shows a maze of pipe lines of many sizes, 


steel tanks, ground reservoirs and, in many cases, 
stills and steel towers if the storage is near a refinery. 
Evidently the charge on the earth under a storm cloud 
is distributed over these conductors and, when the cloud 


. is discharged, surges travel along pipe lines and over 


wet ground toward the point where the lightning strikes. 
If this view is correct, towers, cables, and grids should be 
securely attached to tanks and to pipe lines on or near 
the surface. When a tower in this area receives a 
lightning discharge the charge on the earth's surface 
would collect principally on pipe lines and travel in a 
surge toward the tower. 

A number of simple resistance measurements were 
made in the oil fields of Oklahoma, Texas, Louisiana 
and a number of places in California which indicated 
that the pipe lines were quite satisfactory for grounding 
lightning . devices. In several locations resistance 
measurements were taken on the casing of water wells 
from 50 to 300 ft. deep. From these points it was 
established that pipe lines were well grounded and from 
the latter a number of.tanks were found to make good 
contact with the earth. Although several hundred 
measurements have been made, in no case has it been 
found that the resistance of a pipe line to ground, or of a 


. Steel tank amounted to more than half an ohm. 


It is sometimes considered necessary to sink a shaft 50 
ft. or more, to permanent water, to establish a good 
ground for lightning towers. Surely this can do no 
harm, but it is doubtful if there is information which 
indieates that it is necessary. | 
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Discussion 


LIGHTNING PROTECTION FOR OIL STORAGE TANKS 
AND RESERVOIRS 


(SORENSEN, HAMILTON AND HAYWARD) 


LIGHTNING PROTECTION FOR OIL TANKS 
(ScHAEFFER) 
DEL Monte, CAL., SEPTEMBER 16, 1927 


R. J. Reed: I should like to say just a word regarding some 
field work in which six of the oil companies on the Coast have 
cooperated during the past summer. It seemed wise to erect, 
at a location where we might expect a great many lightning 
storms, several towers similar to those now protecting a number 
of oil reservoirs in Southern California. Carson Spur, a high 
ridge in the Sierras 25 mi. south of Lake Tahoe, was chosen. 
As soon as the snow was off the ground five steel towers were 
erected, instruments were installed, and observations were 
carried on during the summer. Near the towers small structures 
simulating reservoir roofs were constructed, but these were not 
protected with grounded conductor network as described in 
Dr. Schaeffer’s paper. Unfortunately we have no results to 
report as there were practically no storms this year. We shall 
go on with these observations during another year with the hope 
that there may be lightning storms and that some of our towers 
will be struck. | 

With respect to the combination of direct-hit towers and 
grounded conductor network installed for protection of oil 
reservoirs as described by Dr. Schaeffer, we have had the follow- 
ing experience. At our Stewart Tank Farm, near Brea, Cali- 
fornia, during a severe lightning storm on December 8, 1926, 
two towers received direct hits. These towers were situated 
adjacent to 750,000-barrel reservoirs filled with light refining 
crude oil. The evidence of the direct hits is the report of eye- 
witnesses who were so stationed as to see the towers readily, 
and who state that one tower was struck and that within a few 
minutes the other tower received a direct hit. No damage was 
done either to the protective equipment or to the reservoirs. 
So far as I am aware this is the only field test of protective equip- 
ment of this type. 

M. E. Dices Sparks caused by induction seem to be re- 

sponsible for more fires in the petroleum industry than direct 
strokes of lightning. It is not enough to protect oil-storage 
containers against direct hits; they must also be protected against 
secondary effects. The records of Dr. Schaeffer’s adaptation 
' of the Faraday cage in Louisiana indicate that it is meeting with 
success. Lightning towers erected in Southern California at the 
location of a disastrous fire in April 1926 were struck by lightning 
eight months later, at which time a combination of towers and 
networks prevented any damage to the remaining reservoirs. 
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Two conditions must be present if ignition is to oceur by 
induction, the occurrence of a spark and the presence of flam- 
mable material. The authors of these papers have discussed 
chiefly the elimination of the spark. Let me emphasize the 
importance of preventing a flammable or explosive vapor in 
oil tanks. Practically all Pacific Coast petroleum companies 
have taken this precaution, accomplishing it by refining the 
crude oil formerly stored in earthen reservoirs, placing all volatile 
fractions in safe all-steel gauze-vented tanks, and returning only 
the heavy non-volatile fuel oil to the reservoirs. Where refinery 
capacities will not permit this, the oxygen content of the vapor 
above crude oil in reservoir is decreased by the constant ad- 
dition of washed flue gases to the point where ignition is im- 
possible. Sparks, however produced, are incapable of damage if 
there is nothing for them to ignite. 

Professor Sorensen’s paper mentions the effect of the insulating 
properties of oil in deflecting to the edge of the reservoir strokes 
which might otherwise hit the center. This applies only when 
the reservoir is not roofed or is covered with a dry non-conducting 
roof. If the roof is wet, as it is many times during thunder- 
storms, the oilis covered with a conducting sheet and the dielectric 
effect of the oil is decreased or nullified. | 

In the measurements of current discharged from sharp points, 
it is well to remember that the voltage gradients reported are the 
average gradients between the upper plate or “cloud” and the 
lower plate or "ground." The actual gradient at the tip of the 
needle is the one in which we are interested, and it could not be 
measured. The actual gradient at the point is considerably 
higher than the average. 

Measurements of the electrostatic field distribution by electro- 
lytie methods are valuable in many problems, but they fail 
when the field about a sharp point is to be mapped. The electro 
statie and eleetrolytie fields are not the same in the immediate 
vieinity of a discharging point. 

Table I should not be taken too seriously. It was quoted more 
or less at random as an example of many such tables and should 
not be used alone for the design of tower systems because the 
eonditions of the tests reported were quite limited. 

Close serutiny of the table reveals serious differences due to 
changing the scale of operations. We were unable to eliminate 
scale differences but were reassured by the fact that as the scale 
increases or approaches full size, the degree of protection in- 
creases. Therefore we hope for as much as, if not more pro- 
tection under actual lightning conditions then in the laboratory. 

The summaries shown in Tables II and III are likewise affected 
by scale differences. The actual values shown have little 
meaning. They indicate only that various circuits give widely 
different results, or that laboratory lightning is not a standard 
article. Better protection was obtained when the surge generator 
was used than with other circuits. This is encouraging, because 
the surge generator is thought to be the best laboratory analogy 
of lightning now available. 

The translation of laboratory lightning data into full-scale 
magnitudes has not been accomplished with any degree of 
certainty. It is to obtain full-scale data for this purpose that 
we have established an observatory which we ceall the ‘‘Camp of 
the Cooperating Competitors” in the High Sierras. ! 

E. H. Wilcox: (By letter) The paper, ‘Lightning Protection 
for Oil Storage Tanks and Reservoirs" seems to indicate that the 
prevention of lightning by the establishment of proper convection 
discharge from ground to cloud is impossible. I am glad of the 
opportunity to offer the following for consideration: 

Speaking of the proposal to prevent lightning discharge by 
prevention of the accumulation of sufficient charge on cloud and 
earth to cause a discharge between them, the author says: 

“There are no known records of this having been accomplished 
. . . although there have been many schemes suggested." 


He further states: 
“Tf conduction current great enough could be obtained, there 
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would be a possibility of keeping the potential between earth and 
clouds down to a value too low for the discharge by lightning." 
With this last statement we are in perfect accord, as it is in 
line with our own experimental conclusions, provided that he 
would consent to change the word conduction current to 
read convection current, inasmuch as the process by which 
this is accomplished is not conduction along a metal or other 
conductor, nor along a path that has been made conducting 
by reason of a lightning flash, which lightning flash itself has 
been made possible because of the intense localized and con- 
centrated ionization which has created a conductive path between 
cloud and ground. 

A convection current, on the other hand, does not create such 
a conducting path, but by reason of its distribution in space 
prevents such local concentration of ionization as to cause 
conduction. 

The experiment, as shown in Fig. 5, is practically a duplication 
of one of the earliest of our own experiments, but as we soon 
learned, has no relation to the question of how much current 
can be dissipated by convection on a properly designed system. 

Were it proposed to afford protection by setting a few points 
over a reservoir or tank, insulating each point from the roof of 
that tank, then there would be some reason for this experiment. 
As far as I know, no one has ever proposed such a method of 
protection, although Von Diest in his suggested method approxi- 
mates this most closely, but it is one that does not interest us. 
Our experiments on this line were that we might perfect a chain 
of investigation rather than as an end in itself, although we did 
carry it to the point of experimenting with up to 1000 points in a 
shielded field. 

Here our results come into approximate alinement with those 
shown in Fig. 7, if he will change the word ‘‘conduction current” 
on the left-hand margin to read ‘‘convection current.” 

Study of the curves and tabulation in Fig. 7 shows that all the 
author's experiments maintained a constant ratio in the variables 
of the set-up: 

Current flow 


Point microamperes 
Cloud ht. in. Point ht. in. spacing in. per point 
Loe eae E 12 1.0 4 4.7 
Duro a ela ak 6 0.5 2 1.6 
SSR Qoo 3 0.25 1 0.2 


and yet that the current flow increased with dimensions as 
shown above in the final column, at corresponding gradients 
(80 kv. per ft.). Here he has the whole matter in his hands, but 
throws it away. He says 'but it is inconceivable that the same 


order of increase of current with increase of scale will be main- 


tained up to the scale of clouds and lightning towers in actual 
use." We should like to say ‘““Why?’’—especially as the curve is 
still a rising one and shows no suggestion of flattening out. ` 

We would suggest that the speaker carry out extension ex- 
periments using the same ratio of cloud height, point height, and 
spacing and increasing the cloud height say by steps to 144 in. all 
at a gradient of 80 kv. per ft., and then note the curve of current 
flow. Then as a variant he might change the spacing of the 
points and note the results. Of course to do this he would 
probably have to use alternating current, but the charging and 
capacity components of the observed flow can be extracted 
vectorially, leaving only the convection discharge. 

In spite of this, for a reason which he does not explain he 
elects to use an arbitrary figure of 2.5 microamperes per point 
in certain calculations. He also seems to feel that his spacing 
of points at four times their height is the ideal although, as 
he shows on the sixth page, second column, no absolute protection 
exists even within the 1-1 ratio. 

In view of his limited experiments and the concession that 
his calculations may be largely in error it scarcely seems worth 
the while to discuss his computations on the fifth page. Asa 
reduction ad absurdum, had he assumed a 6000-ft. cloud he 


would have asked for the same number of towers but 500 ft. 
in height and 2000 ft. apart; or with a 24,000-ft..cloud, towers 
2000 ft. high and 8000 ft. apart, denying by inference that any 
intermediate towers or points would have an amelioriating effect. 

One question, however, we should like to ask, in view of his 
computation, that 2,500,000 towers are required to afford pro- 
tection: Was the speaker correctly quoted in the press reports of 
January 10th (United News Leased Wires) in which he was 
credited with recommending: ‘an extreme lightning rod con- 
sisting of 150 to 175 towers placed near the tanks to be 
protected?” 

I find that to rearrange the points shown on Fig. 5 into a 
peripheral ring instead of concentrating them in a massed 
position in the center of the field raises the current as dissipated 
by convection many times, and also that the overcrowding of 
points, even into a peripheral field results in a diminution of 
total current. This particular line of investigation was not 
carried to great lengths, as it was only a connecting link between 
the dissipation from such a shielded point as referred to by the 
author, and points arranged on a closed cordon of wires. 

On such a cordon which is representative of the protection 
system as actually adopted, we find the dissipation of con- 
vection current per point varies with the potential gradient of the 
field, the number of wires in the field, and the length and spacing 
of points on the carrier wires. 

The following table will show the results of one experiment. 
In this 12 points were arranged on a single ring 30 in. in diameter, 
or approximately 7.85 in. apart, and the potential gradient 
raised to values shown below, with the following convection 
current discharge per point: 


Potential gradient in Total convection current Flow per point in 


volts per cm. in microamperes microamperes 

494 3.2 0.27 
614 9.8 0.81 
770 32.0 - 2.66 
985 68.0 5.65 

1360 153.0 19.7 

1650 222.0 18.5 

1970 480.0 40.0 


These were all with direct current, neither pulsating nor 
rectified. The final gradient is considerably less than one-half 
the danger gradient. From a study of the above it is evident 
that a figure in exeess of 100 mieroamperes per point would have 
been reaehed before approaching the danger zone. 
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In another experiment with & single point in the field, ina 
gradient of 80 kv. per ft., a discharge of 780 microamperes was 
recorded. 

Fig. 1 herewith shows the actual dissipation or convection 
current as measured for a one-wire and for a three-wire system. 
Our opinion is that the form and spacings of points on the wire 
and the method of attachment of points is of considerable 
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importance, but we have not sought to follow this in detail 
experimentally, simply selecting the longest and sharpest points 
obtainable and specifying that points should be welded to 
the carrier wire, or that the wire be regalvanized after assembly 
of points. 

It will be noted that on curve a=4.4, November 17, 1926, 
actual convection currents to the value of 475 microamperes 
per lineal foot of system were measured; a tangent prolongation 
of this curve to the flashover value promises that over 650 micro- 
amperes per foot may be expected. 

A comparison of curves a = 9.7 and a = 3.7 October 5, 
1926, with the ascending curve of discharge as recorded by 
Professor Sorensen on his Fig. 7, confirms our opinion that the 
scale may be a very important factor, and suggests that actual 
discharge may reach a much higher value than any recorded in 
the laboratory. 

We further find that the total current flow with 12 points 
arranged in 3 close groups of four is practically identical with 
that from 3 single points, indicating that arrangement and 
spacing, rather than number, is the important thing. 

In all our experiments we were compelled to work at com- 
paratively low gradients, as we did not wish to risk the danger 
of a flashover which might have been ruinous to the miero- 
ammeters in use, hence this limitation. 

It soon became apparent that the intelligent unit to use in 
any such investigation is not the value per point, but the value 
per lineal unit, for any given spacing. Further experiments, 


however, showed that there was comparatively little difference 


in the totality of convection current from a given system, whether 
there were two, three, four, or five wires in that system, provided 
that the over-all spacing between wires 1 and 5 remain constant. 
Or in other words, removing wires 2 and 4 from a 5-wire system 
only raised the unit value per wire, the totality at a given gradient 
remaining practically constant. An increase in the spread of the 
wires resulted in an increase in totality. A decrease of spread 
reduced the totality. This is by reason of a partial interference 
of the convection currents from the several wires. 


Theoretically, I believe that as good practical results could 
be achieved on a well designed two-wire system as on one with 
multiple strands, although the multiple system has the advantage 
of giving rather lower gradients in the immediate vicinity of the 
points, and insures that the mechanical breaking of a single wire 
does not affect it unduly. 


The assumption of the author seemed to be that the entire 
charge of the cloud should be discharged to effect protection. 
This is not our conception. A discharge that will balance the 
charging rate of a cloud, or even a discharge that will balance the 
charging rate for the last portion of discharging period, is all 
that is necessary to prevent the potential gradient reaching the 
flashover point. It takes only a small relief valve on a boiler 
to prevent its blowing up, even though the fires be not drawn. 


Table I is interesting and certainly affords food for thought. 
One question immediately suggests itself. With the center of 
eloud discharge vertically over a point which is four tower 
heights away from the tower, why should there be any discharges 
within a circle of 1 or 2 tower heights from the tower? The 
remarkable part of this experiment is the number of strokes 
that fell within these circles in spite of the set-up. How any 
strokes at all fell within this zone with the additional protection 
of a tower, only shows the vagaries of lightning discharge. 


We accept without reservation his conclusion: 


“Results of the tests made for all types of discharge used 
show no absolute immunity for any area around a rod." 


We are not able to accept equally his statement: 


“Considered from a statistical viewpoint, the number of 
hits within a circle having one rod height as a radius and with 
its center at the rod was practically nil" 


in view of his succeeding clause: 
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“But there was an occasional hit even within this area which 
was not taken by the rod. 


His experiments here were scarcely sufficiently numerous for 
so broad a generalization.” 

I should, however, point out the essential difference from an 
oil man’s standpoint in the attitude regarding the percentage of 
protection. Granted that 99 strokes out of 100 in a given case 
might be taken by the towers, and only 1 taken by the protected 
object, yet that does not mean a 99 per cent protection. It 
means 100 per cent risk, as we have only to wait for 100 dis- 
charges to have occurred before disaster will have overtaken us, 
but we have no assurance whether it will be the first or the 50th, 
or the 99th stroke that will do the damage. To a statistician 
the protection may be 99 per cent; to an oil man it is zero. 

All the thought of the speaker seems to be toward averting 
direct strokes. No well informed man questions that this 
ean be done in very large measure by any intelligent tower system. 
Oil men know, however, that the majority of oil-field and oil- 
tank lightning fires are not caused by direct strokes at all, but 
by secondary discharges, due to the release of the hitherto bound 
charges simultaneously with the primary discharge. 

No system of rods or towers affords or even pretends to afford 
proteetion from these dangerous secondaries. 

All oil companies today endeavor to limit these hazards 
by the avoidanee of explosive or inflammable mixtures in or 
around tanks to lessen this danger. Some of the methods used 
are expensive, both in installation and maintenance, and may 
fail at the needed time. 

We have experimented in many ways to find à method of 
eontrolling these secondaries in the presence of primary; frankly 
they are all failures. Our deliberate judgment is that the only 
certain protection against secondaries is to prevent the occurrence 
of primaries. | 

S. S. MacKeown: I want to point out a very interesting 
bearing that the paper by Professor Carroll and Mr. Lusignan? 
has on the matter of preventing lightning by discharge from 
points. Professor Carroll pointed out in the diseussion that 
where he was using a rectifying d-e. voltage the peak of his 
current came approximately a quarter of a cycle after the peak 
of his voltage. That is, it took approximately a quarter of a 
cycle for the current to move from the wire out to a cylinder. 
The distance from wire to the cylinder was 7 14 in. 

If then we did assume that a sufficient discharge was dissipated 
from points to neutralize a cloud, that charge would travel to 
the cloud with a very limited velocity. The velocity is very 
readily obtained from the work of Mr. Carroll. It differs for 
different potential gradients; but if we take the value for 42 


- kv.—given on his Fig. 9,— we find it takes a quarter of a cycle to 


travel 714 in.; that is, about 150 ft. a sec. 

Now, the average distance of a lightning cloud is about 2400 
ft., and average rate of time to charge up is about 10 sec. If 
then we assume that these ions travel with this same velocity 
from the points up to the cloud, they would not reach the cloud 
in time to prevent a lightning discharge. 

When you consider also that the cloud is usually moving at a 
fairly large velocity due to wind, if the charge should reach the 
cloud, it would reach it at some point other than over the district 
sought to be protected. 

J. T. Lusignan, Jr.: In the work carried out at Stanford 
University last year a rectified space charge was found to be 
built up in the ionization process about a point in a-c. corona. 


` With a point in a unidirectional field, as that of a rod below a 


thunder cloud, this effect would be more marked, as a copious 
supply of ions of one sign would surround the point when the 
field intensity becomes sufficient there to start ionization. 
This **eloud" of ions would tend to shield the point and reduce 
the field intensity there in such a way as to cut off materially the 


3. The Space Charge that Surrounds a Conductor in Corona, J. S. Carroll 
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supply of ions that, with the cage system of lightning protection, 
must go up to the thunder cloud of opposite polarity to discharge 
it. 

Mr. Dice made a very apt comment on the need for care in 
applying to the field the results of laboratory studies of protective 
arrangements and reduction of cloud charges by points. It 
must be remembered that although the heights of the cloud 
and rods, and the size of the tanks may all be brought down to 
scale, the ion used in the laboratory is the same ion that is 
involved in the lightning stroke, and its size and velocity cannot 
be brought down to scale. Accordingly, it is problematical how 
closely its behaviour and path in the laboratory follow those out 
under a cloud. It would seem obvious on the other hand that 
the larger the laboratory set-ups, the nearer conditions in practise 
would be approached, a fact which Peek has seemed to realize 
fully in his endeavor to use as large laboratory models as possible. 

H. P. Miller, Jr.: (communicated after adjournment) There 
is a marked similarity between the design of protective networks 
for oil-storage tanks and the design of ground systems for high- 
power transmitting antennas. A storage tank is screened so 
that if it is struck by lightning the steep-wave-front impulse is 
led off to ground through a low-resistance path. An antenna 
ground system provides low-resistance paths for radio-frequency 
currents going into the ground plate of the antenna, which is 
simply a large radiating condenser. Many of the same design 
considerations will therefore apply in both cases. 

In a transmitting antenna the ground system is designed so as 
to minimize the impedance of conducting paths from all parts 
of the ground to the radio transmitter. Using conductors of 
low resistance is not always sufficient since their reactance may be 
so high as to force the currents off through some medium of high 
resistance. It is therefore desirable to use direct leads from a 
large number of widely scattered ground points to the trans- 
mitter. Applying these principles to the protection of an oil- 
storage tank would mean the use of conductors from the center 
of the tank to a large number of buried connections around the 
outside of the tank. 

. (The method described by Mr: Schaeffer for protecting steel 
tank meets these requirements except for the ground connections 
around the outside. The use of such an arrangement might not 
be economical but would help considerably in keeping the strong 
field away from the edges of the tank where fires are so likely to 
start. i 

Mr. Dice has called attention to the fact that the laboratory 
investigations with a salt bath give the electrolytic field and not 
the electrostatic field. From a study made by the writer in 
connection with the insulation of guyed masts‘ it would appear 


necessary to map the electrostatic field by means of a convenient — 


sized model. 

R. W. Sorensen: I am sorry Mr. Wilcox is not here to 
present his discussion in person for I should like to have him 
explain how he made the tests upon which he bases his proof 
that our results are absurd. Inasmuch as we cannot have that 
presentation I fail to see the advantage in taking up valuable 
time to defend each detail of our paper which for some reason 
Colonel Wilcox has seen fit to attempt to disprove, and I will 
make no defense of our work other than to say that, though we 
know it is incomplete, we have to date found no disagreement 
with the results we have presented and results which have been 
obtained by other engineers experienced in conducting high- 
voltage experiments. 


The work which we have reported and which was done at 
California Institute of Technology was made possible only by 
the cooperation of the oil companies, who contributed the cost of 
the work, and the engineers of these companies who assisted in 
doing that work. For their cooperation and that assistance we 
are indeed most grateful, but we hope that means will be pro- 


4. “The Insulation of a Guyed Mast", by H. P. Miller, Jr., Proceedings 
Institute of Radio Engineers, March, 1927. 
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vided so that this work may be eontinued until such results which 
have been presented are checked and further data have been 
obtained. 

The objeet of the program whieh formed the basis of this 
paper was not the development of some commercial project to be 
sold to oil companies for financial gain, but was purely a scientific 
project to enable the oil companies to obtain protection in every 
way possible and to further the seientifie knowledge as to the 
performance and character of lightning. In presenting this 
paper we have wished to bring out for diseussion certain faets 
learned to date and in this we think we have been fairly 
successful. 

Secondly, it is our desire to encourage more groups of people 
working in high-voltage laboratories to take up the problem 
beeause we think definite results will be obtained more rapidly 
if the problem ean be attacked by several groups who do their 
work at different places; in fact, we are convinced that if a 
number of groups had attacked the problem sooner there would 
be more knowledge and agreement as to the exact character of 
the phenomena. 

We also feel certain, as a result of this work, that we can now 
analyze places to be protected and devise systems of towers and 
overhead networks used alone or in combination which will give 
a very large degree of protection, the amount of protecting 
obtained being entirely a question of economics. In doing this, 
however, we are also quite certain that no means can be provided 
which will be very successful in a lightning district in preventing 
the occurrence of strokes, (of course there are others who differ 
from this and we seem to have two authentic records—one of 
my correspondents has told me that a tall smelter keeps away 
lightning because there has been no lightning within five miles 
of the stack, and we found that the towers which were erected at 
Carson Spur this summer have been so effective that the three 
or four towers have kept all lightning from occurring in the 
High Sierras during the summer). ‘There were also rumors and 
reports in the press that a barbed wire entanglement erected in 
France had kept away Hhghtning strokes. At my request 
Dr. John Whitehead, of Johns Hopkins University, investigated 
the report as to this protection while in France and informs me 
he can find no record of its having been successful or even of its 
having been tried out to any great extent. I think, therefore, 
we have suffieient basis for our statement that lightning strokes 
cannot be prevented by the erection of a barbed wire fence, 
even if the barbs are large. 

In conclusion, therefore, may I point out that protection can 
be obtained, first, by having all inflammable materials completely 
eaged in all-metal tanks; if tanks which are not all-metal are 
used, only heavy non-inflammable residuum fuel oils should be 
stored therein, and if lightning may occur near such oils these 
reservoirs should be guarded by towers approximately 200 ft. 
high and so spaced that the distance between towers is not more 
than five tower heights, the tower height being the height of the 
tower above the top of the object to be protected. 

Of course the supreme method of protection has not been 
mentioned; that is, keep the oil in the ground until needed. 
This, of course, can only be done when some method is developed 
which will enable the oil companies to control production. 
There is no danger of oil in the ground being ignited by lightning 
stroke. 

We have considered carefully all the points mentioned as to 
seale effect, and we have drawn our conclusions with full knowl- 
edge of the limitations of our work due to that effect. 

Another point is, we find that on the Pacific Coast we should 
be very grateful for our freedom from more frequent lightning 
strokes. One place I visited in the East this summer had the 
lights go off twelve times in one afternoon because lightning 
interfered with the transmission lines. In districts where 
lightning is as prevalent as that it is easy to understand why 
some power companies are talking of extending all towers well 
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above the transmission lines and stringing a number of ground 
conductors for the sole purpose of obtaining protection against 
lightning. 

In conclusion may I say that the problem is still wide open and 
the more groups interested in.it, partieularly in our eolleges, the 
better. In order, however, to bring about this condition, the 
college groups will need assistance in financing their work by the 
industries interested in obtaining protection. 

C. D. Hayward: The phenomenon of.the conduction of 
electricity through gases by means of ions is one which has been 
known and studied for many years. The idea of applying this 
phenomenon to the prevention of lightning is also not new. 
There is at least one case on record where it was tried in France 
& few years ago using a grounded system of barbed wire similar 
to that proposed by Mr. Wileox. "This system was later aban- 
doned, probably because of failure. 

Granting that conduction of electricity through gases is a 
different phenomenon from conduction through metals, and 
granting that the flow of currents from pointed conductors 
through a gas differs from an arc or spark discharge in that in the 
former case the gradient is high enough to cause ionization by 
collision only in the immediate neighborhood of the pointed 
conductor while in the latter case ionization occurs along the 
whole path of the discharge, still the use of the term ‘‘conduction”’ 
to cover all these has become established by usage in physics 
and I doubt if it would be possible to change the term to ‘‘con- 
vection’’ now even if it were desirable to do so. 

Near the beginning of his discussion Mr. Wilcox makes the 
statement: “Were it proposed to afford protection by setting a 
few points over a reservoir or tank, insulating each point from 


the roof of that tank, then there would be some reason for this 


experiment." Mr. Wilcox does not seem to understand that 
the needles and the ground plate were at the same potential 
since the needles were connected to the plate through the low- 
resistance micro-ammeter as may be seen by examining our 
Fig. 5. The only reason for insulating the needles at the 
point where they pass through the ground plate was to 
eause the current flowing off the points to pass through the micro- 
ammeter. ` 
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Mr. Wilcox has not given enough data on the dimensions of 
his apparatus to enable anyone to compare the results given in 
his discussion with those given in our paper. He does not give 
the height of the 12 points mounted on the 30-in. ring nor does 
he give the height of the cloud electrode above the points. He 
does not give the shape of his cloud electrode nor does he tell 
whether or not he used a grounded plate under the 30-in. circle 
to represent the earth surface. It will immediately be apparent 
to anyone familiar with electrostatic fields that these factors 
will affect the potential gradient in the air near the points not 
simply a matter of a few per cent but several hundred per cent. 
Since the potential gradient is what determines the current 
flow it is easy to see how Mr. Wilcox might be able to get large 
eurrents from the points by using certain extreme forms of 
apparatus. Data of this kind are useless because these extreme 
forms of apparatus cannot be duplicated in the field. We cannot 
change the shapes of the clouds and the earth to suit our 
fancy. When making the tests described in our paper, we made 
the proportions of the model such that they could be duplicated 
in the field. Assuming a 2400-ft. cloud, which is a good average 
for the height of storm clouds, the points would be 200 ft. high, 
which is about the maximum height that towers can be erected 
without too great an expense. We placed the points at a dis- 
tance of four times their height apart because we found from a 
study of the electrostatic fields that this was as close as we could 
place them without having the gradient in the air near each point 
greatly reduced due to the electrostatic shielding effect of 
neighboring points. It is of course necessary to keep this 
gradient as high as possible in order to obtain the maximum 
current flow from each point. 

Near the end of his discussion Mr. Wilcox gives what to his 
mind is a difference between the attitudes of an oil man and a 
statistician regarding the percentage of protection afforded by a 
given protective scheme. He says that to an oil man no pro- 
tective scheme gives any protection unless it gives 100 per cent 
protection. This seems to me to be a very peculiar attitude, 
because reducing a risk in the ratio of 1 to 100 certainly means 
something to an engineer, and most of the men holding the 
higher positions in the oil companies are good engineers. 


132,000- Volt, Single- Conductor, Lead Covered 


Cable 


Introduction, Economics and Commercial Demand 
BY P. TORCHIO: 


Fellow, A. I. E. E. 


Synopsis.—This paper, which describes the development of the 
oil-filled type of 132,000-volt cable, has for convenience been divided 
into four parts. 

In the first part the economic and commercial aspects of the 
development are discussed. It is pointed out that this type of cable 
permits direct interconnection with high-voliage overhead lines and 
it is felt that the satisfactory operation of the two lines which have 
been placed in service this year will be an indication that 220,000- 
volt cable can be constructed without material changes in the design. 

The theory and design of the cable are completely developed in 
the second part. Particular reference is made to the effect on the 


HILE the power generated from local plants in 
heavy centers of industry and population is 
distributed locally at about 13,000 or 25,000 

volts, system interconnection lines and long-distance 
transmission lines require considerably higher pressures 
in the order of 66,000, 182,000, and 220,000 volts. 

In most situations of heavily built-up centers, it 
has been impossible in the past to tie the higher 
voltage lines directly to the distributing stations and 
substations, and recourse has been made to underground 
cable lines of 33,000, 45,000, and 66,000 volts connecting 
to the higher voltage overhead lines through trans- 
formers located at substations on the outskirts of the 
city. One of the principal aims of the design of the 
new type of cable, which by one step doubles the highest 
underground operating voltage used heretofore, is to 
do away with these outside intermediate substations 
by bringing the higher voltages directly to the ultimate 
distributing centers. The economic and operating 
advantages thereby obtainable are savings of inter- 
mediate substations, transformers, switchgear and 
attendance, reduction in number of underground cables, 
savings in synchronous condensers, increased efficiency, 
improved regulation, and improved stability of parallel 
operation of local plants with the outside sources of 
power. The final relative values of these savings will 
not be available until we have secured from actual 
experience the relative carrying capacity of the oil- 
filled cables in contrast with the ordinary type of cables 
with solid insulation. 

The theory of the oil-filled cable is that through its 
collapsible oil reservoirs it responds readily to volu- 
metric changes in oil and cable due to temperature 
changes. In this manner, the whole cable is kept con- 
stantly filled with oil under pressure both in the hollow 

1. The New York Edison Company. 
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dielectric of occluded gas and the method of eliminating trouble 
from this source in the oil filled type ts described. 

The third part relates to the manufacture, inspection, and testing 
of the cable and equipment. The tests showed that the electrical 
constants of the cable were substantially unchanged by the normal 
temperature cycle. 

The installations at New York and Chicago are described in the 
fourth part. Inspection, indication of oil leaks, cable and joint 
repairs are discussed. The replacement of a length of the New York 


cable, which developed a leak in the sheath, 4s covered in detail. 
x * * * * 


core of the conductor and throughout the surrounding 
insulation. The unique advantage of this type of 
construction, therefore, is that should the lead sheath be 
expanded or distorted, or the internal elements of the 
cable be displaced by temperature variation or other 
causes, the spaces thus formed will be immediately 
filled with oil, while in a solid insulation type voids 
would be formed, causing ionization and ultimate 
failure. It is thus evident that this new type of cable 
should be able to operate safely over a much larger 
range of copper temperature and therefore of load, than 
a solid insulation type, even if the latter is operated 
only at 66,000 volts or less. In this expectation we are 
confirmed by the original installation of this type of 
cable made in Italy three years ago, which consisted 
of about 2000 ft. of line connected in series with a 
130,000-volt overhead transmission line more than 100 
mi. long. This cable, which was 50 sq. mm., about 
100,000 cir. mils, in cross-section, has never given the 
slightest trouble though carrying currents of 250 
amperes per phase, a current density which would be 
absolutely impossible with the solid type of cable even 
if operated at 25,000 volts or less. 

The Chicago 182,000-volt underground cable line is 
a direct application of the plan of connecting a generat- 
ing plant in the city to an outside 132,000-volt line six 
miles away. 

The New York 132,000-volt cable is, for the time 
being, a large capacity, 12-mi. length transmission 
line supplying the large county of Westchester in the 
state of New York, but it will in future serve also to 
interconnect with outside sources of power supply. 

The Chicago and New York installations were placed 
in operation, respectively, on June 2nd and August 9th, 
of this year, and have since operated without electrical 
trouble. 

The manufacturers feel that should these two 132,000- 
volt cable lines continue to prove satisfactory in opera- 
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tion, 220,000-volt cable can be constructed without 
material changes in the design of cable, joints, and 
accessories. 

The next year’s experience of the large New York 
and Chicago installations appears now almost certain 
to prove satisfactory, in which event this great advance- 
ment in the art will have made available to the in- 
dustry, confronted with unprecedented volume of 
growth in its demand for power, means not heretofore 
available for transmitting hundreds of thousands of 
kilowatts economically and directly to and from centers 
of heavy population and outside supervoltage overhead 
lines. 


In the following chapters the manufacturers and the 
users are presenting a complete description of all the 
phases of work involved in the design, manufacture, and 
installation of this radically novel type of cable. 


Theory, Design and Development of the 
132,000-Volt Cable 
By L. EMANUELP* 


Non-member 

General. It is well known and recognized that one 
of the principal reasons of failure in high-tension 
cables is the presence of gas bubbles and films in the 
dielectric, some of these gas occlusions being left in 
the insulation during the construction of the cable and 
some being formed later during the operation of the 
line. 

This is due to many facts. First, the vacuum applied 
to the cable before impregnating it with insulating 
eompound is not generally perfect. Second, the 
insulating compound carries in solution a great volume 
of gas, part of which is set free while the compound is 
passing through the paper during impregnation. Third 
when the lead sheath is applied to the cable, the cable 
is still rather warm and the subsequent thermic con- 
traction of the compound when the cable cools down 
causes further voids. Empty spaces are also created 
when the cable is coiled on the reels and during 
handling. 

When the cable is in operation, another important 
phenomenon takes place. The insulating compound is 
warmed up and increases in volume when the cable is 
loaded and this first compresses the gas in the dielectric 
and then expands the lead sheath. As the lead is more 
viscous than elastic, after a subsequent cooling the total 
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amount of void space within the dielectric is greater 
than before installation by an amount proportional 
to the load carried. 

For example, in a 66,000-volt cable, the contraction 
which follows an increase of temperature in the copper | 
of 35 deg. cent. causes a volume of seven gal. per mi., 
(16 liters per km.) to be emptied of compound. 

The pressure which may take place in a cable when 
loaded, and which forces out the lead tube, has been 
found by actual measurement to be in the neighborhood 
of 90 lb. per sq. in. 

Seasonal temperature variations produce the same 
effects. 

Where is it that these empty spaces are formed? 
In a general way, we can assume that they are produced 
at the points where the paper is less compact, in the 
wrinkles, in the space between the lead and the insula- 
tion, especially where the lead is expanded due to bends 
or handling and, for three-conductor cables, in the 
spaces between the insulated conductors and the fillers. 

This may be explained when one thinks that the 
surface tension of the compound has a tendency to fill 
up first the smaller cavities, thus leaving empty the 
larger ones. 

In addition to this, the compound has a tendency to 
migrate to the lowest points of the cable and this mi- 
gration is greater the lower the viscosity of the com- 
pound. 

This irregularity in the distribution of the gas cavities 
is one of the principal causes of the many uncertainties 
in the results obtained in the laboratory and during 
operation, and makes it impossible to fix an exact 
figure for the permissible value of the ionization as a 
function of the working voltage. 

The failure of all the previous attempts made to 
explain theoretically the breakdown voltage on a 
sample of cable, in connection with the electric gradient 
in the insulation, can probably be attributed to the 
presence of gas occlusions and totheirirregular distribu- 
tions, and perhaps the theory which givesthebreakdown 
voltage as a function of the minimum gradient and not 
of the maximum, is not to be completely discarded, the 
minimum gradient being near the lead where the 
empty spaces, at least for a single-conductor cable, 
have a greater tendency to be formed. 

If the empty spaces due to the thermic contraction of 
the compound were formed uniformly in the insulation, 
in small units, the troubles produced by their ioniza- 
tion would be very small. A step toward this point 
has been gained by the cable manufacturers by 
wrapping the paper on the conductors as uniformly 
as possible, and avoiding wrinkles and registration of 
the layers. 

‘It is also evident that the greater the thickness of the 
insulation, the smaller is the possibility of avoiding 
such empty spaces during eonstruction. In addition 
to this, if the contraction of the insulating compound 
should be such as to distribute uniformly and in small 
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units the empty spaces which are formed, then the 
quality of a dielectric would be independent of its 
thickness; but, due to their localized formation as a 
. consequence of eapillarity and drainage, the probability 
of leaving big empty spaces is greater the greater 
the volume of the dielectric, and accordingly of the 
amount of oil subject to volumetric change. We can 
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assume, therefore, that an increase in the insulation 
thickness does not produce a corresponding improve- 
ment in operating performance; and the cable manu- 
facturers know this very well. 

All these difficulties and uncertainties would not have 
allowed the design of a 182,000-volt cable of the usual 
type with any probability of success and the results 
which may have been obtained in the laboratory and 
in the field on short lengths of cable would have been 
practically worthless due to variations in the distri- 
bution of the gas occlusions. 

It must also be considered that the experience gained 
on a large scale on existing cables is limited to a voltage 
which is only about one-half of 132,000 volts. 
with the idea of avoiding all these uncertainties, elimi- 
nating gas occlusions as much as possible and especially 
the ones which are formed by temperature variations, 
that the writer designed and carried out the con- 
struction of the oil-filled type of cable. 

The principle is very simple and consists in having the 
cable connected to a reservoir which will receive the 
oil pushed out during the thermic expansion and give 
it back to the cable during the contraction. To obtain 
this action, it is necessary to have inside the cable a 
passage which connects the reservoir with every point 
of the dielectric. This feature can be obtained readily 
by stranding the copper wires of the conductor around a 
metal spiral, thus leaving a single central passage, see 
Fig. 1, or by shaping the lead sheath as shown in Fig. 2, 
thus making several longitudinal paths which can be 
connected to the reservoir. This eliminates the 
danger of formation of empty spaces due to the con- 
traction of the oil. 


The presence of a longitudinal path makes possible 
the evacuation and impregnation of the cable from 
both ends after it has been leaded. On account of its 
small volume, laboratory pumps can be used and a 
very high vacuum reached. In addition to this, a 


SYMPOSIUM ON 132,000 SINGLE CONDUCTOR CABLE 


It was 


Transactions A. I. E. E. 


special process has been worked out to purify the oil 
from the gases in solution, before impregnating the 
paper. 

In this way it is possible to obtain a cable practically 
without any occluded gas from the start and also to 
maintain it in such condition during operation. 


An experiment on a cable of the type given in Fig. 1 
was made early in 1918 and the results were quite 
surprising. The life tests gave results far better than 
those on usual cables and it appeared immediately 
that the importance of a perfect construction of the 
cable as referred to wrinkles and compactness of the 
paper could be regarded as secondary. 


It is important to remember that in a cable made in 
the usual way, the breakdown voltage is very high if 
the voltage is increased quickly and does not give any 
light on the punctures which happen in operation ata 
voltage generally equal to, or slightly higher than, the 
operating voltage.. If the tension is applied for several 
hours, the breakdown voltage is considerably smaller, 
and the longer the time of the test, the lower the 
breakdown voltage. It is not difficult, for mstance, 
to get a breakdown voltage on a short sample, after a 
few seconds, which is five times greater than that 
found after several] hours of application of voltage. 

In the oil-filled eable these differences were found to 
be much smaller, and as the instantaneous breakdown 
voltage is equal to, if not greater than, that on usual 
cables, the breakdown voltage after several hours is 
more than doubled. This permits increasing the 
operating gradient of the cable and the use of only a 
small thickness of insulation. 

Another advantage over other cables of the usual 
type is to have much smaller dielectric losses at high 
temperatures because it is possible to use a very fluid 
oil with very small power factor, as the danger of mi- 
gration of the compound is avoided. . 


Fic. 2—SLOTTED SHEATH CABLE 

For several reasons a field test of this new type of 
cable was not made on a large scale until the end of 1923 
when a line of three cables of 100,000-cir. mil (50-sq. 
mm.) copper area, 670-mil (17-mm.) insulation, each 
2000 ft. (610 m.) long, with six joints, was installed at 
Brugherio near Milan, Italy, connected to an overhead 
line about 100 mi. (160 km.) long. In the beginning 
the cables did not carry load, but in 1924 they were put 
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in series with the line and a load up to 250 amperes 
per phase was carried without any trouble for two and 
one-half years. 


The electrical problem of the construction of a cable 
for 132,000 volts was in this way solved quite satis- 
factorily but several mechanical problems, especially 
complicated for lines of long length and with large 
differences of level, remained to be studied. 

Mechanical Design of the Line. The first problem 
was to determine the most suitable dimension to be 
given to the hollow central passage as related to the 
viscosity of the oil and to the length and profile of the 
line. The oil which must flow from the feeding reser- 
voirs tothe various points of the cables is subjected onits 
way to friction and, if the distances are not properly 
calculated, an excessive pressure may take place in the 
eable when applying a sudden load, or empty spaces 
may be created for a short time, during cooling. 

Let us consider first the problem of the cable which 
cools down and let us call a the quantity of oil which, 
at a certain moment, the cable absorbs per unit of 
length (centimeter) and per second. Calling q the flow 
of oil along the central passage and x the distance of the 
point from the end connected with the reservoir, we 
have 


aq 
a dz 
and then 
Qq=— 4X + qo 


Calling l the total length of the cable, the flow of oil 
at the end opposite to the Ing end (x = l) will be 
zero and we have 
q — a(l— x) (1) 

Let us assume that the friction of the oil in its move- 
ment along the tube is proportional to the flow, which 
ean be considered as true for very slow movements. 

Calling b the coefficient of friction corresponding to 
the shape of the central passage and to the viscosity 
of the oil, we have the drop of pressure, d p, on a length 
of core d x, 


d p 

dx = bq (2) 
and from (1) 

dp 


Integrating, 
1 
p =— ab (ia - ze) + fo 


where po is the pressure at the feeding end of the line, 
this formula being true only for a perfectly flat profile 
cable. 

If the cable is not on a level, calling h, the difference 
of level between the point x and the feeding end of the 
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cable, (h being positive if the point x is lower than the 
feeding end) and y the specific density ofthe oil, wehave 


1 
p = hey + po- ab(iz- = x) 


For practical purposes, it is better to express p in units 
of length of the oil head which let us call k and ko the 
value corresponding to po. We have, then, 


kelah 2b (ix — 3 
= z +t ho— y Gmg (3) 


It can be seen readily, applying the formula (3) with 
different values of a and b corresponding to various 
dimensions of the central core and oils of different 
viscosities, that it is not possible to feed long lengths of 
cable from a single feeding point because the pressure 
in the distant portions of the cable would drop so much 
as to create a vacuum inside the core and the dielectric. 

For this reason it is necessary to divide the cable into 
a certain number of sections, each separately fed, 
stopping the passage of oil between them. The length 
of a section to be fed from one point has been determined 
graphically from the formula (3) assuming that the 
oil pressure during the cooling period should never be 
allowed to drop in any point of the cable below a certain 
figure, and this value was fixed to be the atmospheric 
pressure, h = 0. 

The formula (3) for h = 0 and x = l becomes 


h are | (4 
et 0 2 y (4) 


In this expression, the quantity 3 > x2, which we 
will call H, gives the drop of pressure, in units of length 
of the head of oil which takes place along a length X 
from the feeding end. 

Let us take the profile A B C of the line, Fig. 3, on 
a certain scale, X being the lengths and H theelevations, 


a b 
and plot to the same scale the curve 1, H, = 27 zi, 


which gives the drop in pressure, the center of the co- 
ordinates corresponding to the center of the feeding 
reservoir F, and the positive direction being downwards. 
The curve of the profile of the line C B A gives the 
static pressure of the oil at any point referred to the 
atmospheric pressure in units of head of oil, when the 
oil is supposed not to move. 

The point A at the distance X, where the curve 1 
cuts the profile of the line, determines the length of a 
section, for at this point we have the dynamic drop of 
pressure equa] to the static head. 

It is necessary, however, to be sure that this condition 
is repeated for every point of the section. Taking 
h = 0,l = £a, hz + ho = H,, the formula (3) becomes 
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ab x z vl 
-eiek-GY (5) 
which gives the drop in pressure in every point of the 
section of a length J = za 

Curve 2, passing through F and A,is plotted from this 
formula and the pressure of oil in any point of the cable 
during the cooling period is readily obtained as the 


x 


Fic. 3—STATIC PRESSURE DIAGRAM WITH FEEDING TANK ONLY 


difference between this curve and the one of the profile of 
the section. For instance, in Fig. 3 the pressure of oil 
along B A, (shaded area) would drop below atmospheric. 

In the preliminary study of the line, the lengths of 
all the sections were determined from the curve 1, 
taking into account the position where the feeding point 
could be located on the ground, and also that the pres- 
sure in a section, under equilibrium conditions, should 
not be more than a certain value. 

Curves similar to curve 2 were plotted for each of the 
sections, thus determining the portions of the section 
where, due to the profile of the ground, the pressure 
would be below the prescribed value. 

For these portions, where possible, the profile of the 
conduit was changed by increasing the depth of the 
duct bank. In some instances, this was not possible 
and the length of the section had to be shortened. 

In some other instances, however, practical considera- 
tions did not permit cutting down the length of the 
sections to the value calculated from the curve 1, and 
it was therefore necessary to give to the section an extra 
length. Evidently the part of the section beyond the 
point A of curve 1 will not comply with the prescribed 
pressure conditions. In such cases, it was necessary 
to install a second supply of oil at the lower end of the 
section. This was done by means of special oil tanks, 
called pressure tanks. 

The pressure tank consists of a strong metal tank 
full of oil, which has inside a certain number of air-tight 
cells, with collapsible walls, full of gas. The tank is 
connected with the lower end of the cable and for this 
reason the oil in it and the gas inside the cells are sub- 
jected to the pressure corresponding to the static head 
of oil from the reservoir. 

When the cable cools down, the pressure at the far 
end of the section drops below the static head and the 
gas enclosed in the collapsible cells increases in volume, 
and pushes out the oil from the tank into the cable. 
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In Fig. 4, F is the feeding point, C A is the maximum 
length of cable which can be fed from F, determined 
as explained above, and P is a pressure tank. 

With these conditions, the section is fed from both 
ends, having the feeding tank at one end and the 
pressure tank at the other. At the first moment of 
cooling, the pressure tank is subjected to a hydrostatic 
pressure given by the head of oil from the feeding reser- 
voir and acts exactly as an open tank connected at the 
lower end of the section, at the same level as the feeding 
tank. In this first moment, therefore, half of the cable 
will be fed by the feeding tank and half by the pressure 
tank. 

The- curve calculated from formula (4) will apply also 
to the pressure tank and will have to be plotted from 
the point B, at the same level as the feeding point F, 
see Fig. 4, in opposite direction. But after a certain 
length of time, the pressure inside the tank and in the 
gas cells will be smaller on account of the volume of 
oil having been fed back to the line. The corresponding 
curve will have to be plotted not from a point at the 
same level as the feeding reservoir but from a point 
at the level lower than B by a quantity kı. This 
eurve will cut the curve from F at a point D which 
divides the section l in two parts, one fed from the 
feeding tank and one from the pressure tank. 

The equation of the new curve will be 


MT 
ipa a ae 


The point D where this curve cuts the curve 


Fig. 4—STATIC Pressure DIAGRAM WITH FEEDING AND 
PRESSURE TANKS 


plotted from F, will be given by eliminating h from these 
two equations, 2. e., 


1 hı Y 
S al hae 


The length of cable fed at that moment from B will 
be | 


ay 
eee d mb, 


"o pa 


and thus 
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If we consider a certain interval of time, dt, the length 
of eable fed by B will absorb a volume of oil 
a (l— x) dt 
This volume of oil is given by the pressure tank and the 
volume of gas in its cells will accordingly increase by a 
quantity d » equal to the amount of oil given out, 


dv —a(l— x) dt 
and substituting, 
| i n Y) 
d» -a(zi- 13 dt 


Calling p, the hydrostatic pressure of the pressure 


` tank at the beginning of the cooling period and p the 


pressure at a certain moment, we will have 
hy =p- P 


From the characteristic equation of gases 
pr = pa =K 
we have 


dv=a pii dt 


lab 
Integrating this equation between the time zero, be- 
ginning of coòling period, and a time T, we have: 


V T 
f dv x = f 2 
pi. -— 
yo )pnsl——— 8 1 30 

2 lab 
This supposes a to be constant during this time which is 
a condition of greater safety. 

'The second integral is nothing else than the volume 
required by the unit of length of cable when cooling 
down from the temperature at the time zero to the 
temperature corresponding to the time T. Let us call 
it Q. 

Solving the first integral, we obtain: 


V a 
1="B B—A Vv 
E REEL v y t! 
B-A—— 
1 
where 
B= wand A= B-H+I 


lab 2 


For A = 0, the above expression gives a result equal 
to zero and therefore is of no use. One of the ways to 
solve the problem is to suppose A = 0 before making 
the integration and then we have the result, 
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y 
* VY? 
which gives values practically exact also if A is not zero 
but only small with respect to B. 

This expression was used to calculate the volumes V, 
of the gas in pressure tanks when at the pressure p, and 
thus the volume of gas at atmospheric pressure to be 
contained in the cells. 
= Up to this point, only the drop of pressure which takes 
place in the cable when the load is dropped, has been 
considered. | 

The inerease of pressure which is caused by the oil 
expansion under load ean be studied very simply by 
changing the sign of coefficient a in all the formulas 
written. 

If the line is calculated in such a way that during 
cooling the pressure never drops below atmospheric, | 
it is easy to see that during the heating period the pres- 
sure will increase to a value about double the hydro- 
static head. 


yi- 


Fig. 5—Coprer SPIRAL FOR HoLLOw CorE CABLE 


Determination of Coefficient b. As no data were readily 
available on the movement of viscous liquid inside a 
tube, a series of experiments was conducted on a lead 
tube immersed in a water bath at different temperatures, 
the flow of oil being supplied by a reservoir at a certain 
height over the tube; the drop of pressure along an 
established length and the times required by a certain 
quantity of oil to flow out were measured. It was found 
that within the limits of the viscosity of the oil to be 
used and for the flows to be expected in the cable, the 
drop of pressure could be considered proportional to 
the flow and the formula of Poiseuille was exact enough 
for the purpose. 

Experiments were made also on the effect of a metal 
spiral inside the tube and after several tests it was 
recognized that in order to reduce, to a minimum, the 
resistance to the flow, it was advisable to use a support- 
ing spiral of very small thiekness. "The spiral shown in 
Fig. 5, made up from a specially shaped copper tape so 
as to give the required mechanical strength, was 
adopted. 

Calculation of Coefficient a. The variations of tem- 
perature in the cable due to load variations are of much 
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greater importance than those due to variations in the 
temperature of the surrounding medium, and coefficient 
a is calculated on this base. 


Let us suppose that the cable is working at a certain 
load and that W watts per unit of length are dissipated 
from its external sheath. When the load is removed, 
the temperature of the outside surface will remain for a 
certain length of time the same as under load and the 
same number W of watts will be dissipated. These 
watts will be given out by a corresponding cooling down 
of the internal points of the cable. For a first approxi- 
mation, we may calculate the value of a per unit of 
length assuming that the watts dissipated by the load 
are equal to the sum of the various products of the 
specific heat of each elementary volume of cable by its 
corresponding drop of temperature. 

The cable may be divided into three parts: 

1. The copper conductor and the oil contained in the 
tube and between the wires. This part may be con- 
sidered as all at the same temperature, on account of 
the high conductivity of the copper and the fluidity of 
the oil. Let us call c; its average specific heat, v its 
volume, and T, the temperature at a certain moment. 

2. The insulation where the temperature varies from 
point to point. Let us call c; the average specific heat 
of the paper and the included oil, d v2, the elementary 
volume in a point, and T, its temperature at a certain 
moment. 

9. The lead; in this first approximation let us con- 
sider only the intervalof time during which the lead 
temperature practically does not change; we can then 
forget about it. This, of course, neglects the lead 
losses. 

We may then write 


d T 
di 


d T; 


W = C, v di 


+ C, d Ve (6) 

If we call E, the volume of oil absorbed by each unit 
of volume of the part 1 of the cable, for one degree 
temperature variation, and E;the corresponding volume 


for part 2, we can write that 


d T d T 
Em f "a and Bs J Gy 


represent the total volume of oil absorbed by the con- 
ductor and by the insulation, for every second, at that 
particular moment. 

If we call the first expression a, and the second az, 
we may from (6) write 


d 7; 


C, C. 
Wong tg 


which is not sufficient to calculate a, + de. 

We can consider, however, that in the very first 
moment after the load was removed, only the conductor 
will begin to cool down and that therefore 


SYMPOSIUM ON 132,000 SINGLE CONDUCTOR CABLE 


Transactions A. I. E. E. 


C, 
a=a,orW =a E, 


It is then possible to calculate readily the initial 
value of a. It is interesting to note that this value is 
independent of the surrounding medium and depends 
only upon the number of watts which are dissipated. 

After a short time the value of a will be an average 
between the initial value corresponding to the copper 
conductor alone 


and that corresponding to the insulation, 


(w=) 


It is evident that when the lead starts to cool down, 
the watts dissipated will also diminish and thus also a 
will accordingly decrease. 


RESERVOIR 
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Fig. 6—Scurematic DIAGRAM OF CABLE SECTION 


For sake of safety in the design of the cable, the 
greater of the two values corresponding respectively 
to the conductor and to the insulation has been chosen. 
The lead losses have been included in W and while 
their effect on coefficient a is rather complicated they 
have thereby been amply provided for. On this 
basis it was possible to calculate the dimensions 
of the cable. As said above, it was found necessary to 
divide the total length of the line into various sections 
each separately fed by oil reservoirs. With the excep- 
tion of a few sections where the length was determined 
by the maximum hydrostatic pressure of the oil in the 
cable on account of the steep grade of the profile, the 
length of the sections was calculated assuming a certain 
diameter of the central passage, taking the value of a 
for the corresponding cable and of b in the conditions 
of minimum winter temperature, maximum viscosity 
of the oil, and then plotting the length of the sections 
in the graphical way described above. 

Keeping in view the conditions of the profile, the cost 
of the special joints to be installed between the sections 


LOWER END 
STOP JOINT , 
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and the cost of the cable as a function of its diameter, 
the best possible subdivision of both the New York and 
Chicago lines was obtained. It is evident that a 
difference in cost of the special joint between sections of 
the feeding reservoirs or of the installation methods may 
lead to a different subdivision of the same line. 


Each standard section of the line consists essentially, 
as shown in Fig. 6, of two stop joints which close the 
central oil passage in such a way that the oil of one 
section has no connection with the oil of the next 
section, of one set of feeding tanks which gives oil to the 
cables, and, in certain special conditions, of a pressure 
tank which supplements the oil supply to the cable. 


Cable design. The cable installed in New York and 
Chicago is shown in Fig. 7. The conductor is made up 
of two layers of copper wires each 103.5 mils, (2.6 mm.,) 
in diameter stranded over a spiral of hard-drawn copper 
tape, specially shaped, see Fig. 5, so as to reduce the 
friction of the oil, as previously explained. The clear 
diameter inside thespiral is 0.75 in., (19 mm.,) and inside 
the first layer of copper wires is 0.85 in., (21.5 mm.). To 
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facilitate the passage of oil between the stranded wire, 


from the central passage to the insulation special 
stranding was used. The outside diameter of the 
copper is 1.22 in., (31 mm.) The insulation thickness is 
23/32 in., (18.8 mm.,) made up of wood pulp paper in 
three different gradations, depending upon the 
porosity. A mineral oil a little more viscous than that 
used in transformers is used for impregnating the cable. 

After the impregnation at the factory and the 
electrical tests, the oil inside the central passage was 
removed before sealing the cable ends. The reason for 
this was to avoid the possibility of temperature varia- 
tions during shipping, causing deformation of the lead 
sheath. The cable, as described later, was reimpreg- 
nated in the field after installation. Immediately 
after the high-voltage test and before removing the oil, 
an ionization test, difference between power factors at 
20,000 and 95,000 volts, was made in the usual manner 
and also a special test, to determine the quantity of free 
gasinsidethecable. This test, called an impregnation 
test, will be described later. After this test, a rein- 


_ forcing armor. made from a hard-drawn copper tape 


was wrapped over thefirst sheath lead between two layers 
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of impregnated paper. Over this armor a second lead 
sheath was applied to protect the copper tape against 
the chemical action of the ground and to give a smooth 
surface while pulling into the ducts. Itwas necessary to 
use this reinforcement because the cable during opera- 
tion is continuously subjected to the hydrostatic pres- 
ure, as high as 105 ft. (82 m.) of oil, and this pressure 
may increase considerably when sudden loads are 
applied. . 


Fig. 8—Lrap TEsTING MACHINE 


A plain lead sheath would not have been able to 
withstand such pressure, even if its thickness was very 


great. Lead has more the characteristics of a liquid 


of extremely high viscosity than of a metal, and is 
deformed under the slightest stress. In this connec- 
tion, the results of some tests made i in Milan are quite 
interesting. 


A sample of lead a, see Fig. 8, was subjected to a 
certain tension given by a weight p while immersed in 
an oil bath at constant temperatures, the index giving 
the elongation. 
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Several tests at different temperatures and with 
different weights were made for different’ qualities of 
lead and for the alloys generally used in cables, (tin or 
antimony) showing that, as a rule, the lead keeps on. 
elongating in a more or less regular way up to the 
breaking point, while for very small loads and low . 
temperatures, the deformation stops after a short time. - 
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The speed of deformation increases rapidly with the 
temperature as shown in Fig. 9 which gives some of the 
results obtained. 


Impregnation Test. One end of the cable being sealed, 
see Fig. 10, the other end was connected through a 
valve a to an oil reservoir at a higher level than the 
cable; at this same end a mercury manometer was pro- 
vided and a valve b through which a certain quantity of 
oil could be drained from the system. If the valve a 


OW. TANK 
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CABLE 


is shut, the manometer still indicates the pressure 
corresponding to the head of oil of the reservoir over 
the mercury level, but if the lead tube is not elastically 
deformed by the pressure and no free gas is occluded 
in the cable, no oil should come out when opening the 
valve b. Not taking into account for a moment the 
elasticity of the lead tube, it is evident that if a bubble 
of gas of volume » at a pressure p exists in a point of the 
cable, it will expand when opening the valve b, and 
assume, in a certain length of time, the volume » + A». 
A volume Av of oil will come out from the valve b and 
the pressure of the gas bubble will GIO to a vame 
p— Ap. 

If we take into account very small variations, we 
may consider Avand A p as differentials and starting 
from the characteristic equation of gases, 

pv = constant 


by differentiating, we have 


v 
dv = — d p — 
v p e 
What was said for a gas bubble may be repeated for all 
the bubbles existing in the cable and 


Ldy=— Ldp —— 
p 
But the sum of all the dv is the total amount of oil 
drained from the valve b; calling it A v and considering 
that A p is the same for every point of the cable and 
can be read on the manometer, we have 
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? 
Av Ap È 2 
If the pressure is the same for every point of the cable, 
the total volume of free gas in the cable can be cal- 
culated readily. This condition of equal pressure in 
every point ean be realized practically at the factory 
by laying the reel on one of its flanges, as shown in 
Fig. 10, and using a pressure p high enough. 
A very important and interesting point came 
out from the comparison of this mechanical test 
and the electrical test in the fact that the part of power 
factor corresponding to the ionization is proportional 
to the volume of gas in the cable as measured. In 
Fig. 11 the values of the variation of the power factor 
between 20,000 volts and 95,000 volts are plotted 
against the ratio of the quantity of free gas in the cable, 
to the total volume of the dielectric, the oil pressure 
being between the limits of atmospheric and atmos- 
pheric plus one meter head of oil. 
In the impregnation test taken in the field, it is not 
possible to consider the pressure of the gas the same in 
the various points of the cable, with the exception of 


v 
flat sections. Only the total amount 2 > can be 


known. Apparently this expression does not seem to 
mean very much, but when we consider that on one 
hand the part of power factor due to the ionization of 
the occluded gas is proportional to its volume, and on 
the other hand that this value becomes proportionately 


smaller as the pressure increases, we may conclude that 
the expression 
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Fic. 11—RELATION-PowEen Factor CHANGE TO ENTRAINED Gas 


is a quantity which allows us to judge the electrical 
behavior of the cable. For this reason we have con- 
sidered it as a measure of the impregnation of the cable. 

It should be here noted that in the actual determina- 


v 
tion of Y E by test finite increments of pressure 


and volume are considered and these must accordingly 
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be kept small in order to avoid an appreciable error in 
the results. 


When we started using this method in the field we met 
with the trouble that the oil pressure in the cable was 
not constant but changing from time to time due either 
to the variation of the temperature of the cable, or 
when the test was taken a few hours after impregnation, 
to the fact that the impregnation was not yet com- 
pleted, especially in the joints. A method was made 
possible under these conditions in the following way: 
Let us suppose the pressure in a gas bubble of volume 
v be p, and p be a function of the time, t. Ata certain 
moment we open a valve and let a certain volume of 
oil d v flow out. The pressure which at that moment 
was p, drops down to p, — d p, and then continues to 
change according to a law similar to that of before. 
Let us suppose we know the mathematical connection 
between p and t 

p=f(ta,b,c,....) 

This includes certain constants a,b,c,... .de- 
pending upon the conditions of the cable. It is always 
possible to alter the same equation in such a way as to 
put in evidence beside or instead of some of the con- 
stants the value of p and v at a certain time t, say pi ti. 
The equation becomes 


D =f (ti pin. — 
It is now possible to take the differential of p in respect 


to pı df(tipiti....) 
i, 
As we have to deal with gaseous bubbles, we can write 
pi 
d pı = — d 9i 
and then E E P d f (ti Pid. — .) 
p P5 " dpi 


This gives the variation of p at any time in consequence | 


of the variation d v, introduced at the time t. 
If we write the same equation for all the bubbles in 
the cable and sum them, we obtain 


V1 df(t: piti1....) 
dp > "a ia c do 
which permits us to know at any time the variation of p 
due to the variation of 22v, to 29, + È dv.. 
2 dv, is the total amount of increase of volume of 
the gas bubbles at the time t, and can be produced by 
the subtraction from the cable of the same amount of 


oil. Let us call it A 2, 
At the time t, we have 
d f (t, Vis pi. . o .) 
———————————— —-1 
d Di 


v 
an=- Ap D p 
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The method is then as follows: 

At the end of the cable, see Fig. 12, where the feeding 
tank is installed, a mercury manometer is connected. 
When the valve a is closed, it starts indicating the 
pressure in the cable. Let us take records of this 
pressure and plot the curve 1. At the time t, we open 
the valve b and let some oil out. We then close the 
valve and continue to read the pressure indicated by 
the manometer. The curve which would have been 
followed if no oil had been taken out is shown dotted. 
The true curve is shown a little lower and marked 2. 

The first part of this curve between the times ¢, and 
te is a transient and is due to the settling of the new 
conditions in the cable. It is not possible then to 
know d p, in any other way than prolonging the part 
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Fig. 12—METHOD or MAKING [MPREGNATION TEST ON 
INSTALLED CABLE i 


considered as steady of the curve 2 to cut the ordinate 
pı as is shown by the dotted line. 


v 
We have then, easily, » £5 from the formula. 
1 


V1 
Avy =- an M 


v 
Of course, » = corresponds to the pressure p; at 
1 


the end of the cable and not to the pressure given by 
the feeding tank but in practise this difference can be 
kept very small. 

A correction was introduced to take care of the 
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extension of the joints of the lead tube and of the pipes 
included in the system. | 

Description of the Special Accessories: Feeding Tanks. 
The principal requisites of the oil tanks are that the 
- oil inside should always be practically at atmospheric 
pressure, independently of the volume of oil present 
in the tank, and that it should be in no way in contact 
with the surrounding air. 
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The problem has been solved using collapsible 
reservoirs made up with thin metal walls, which are 
easily deformable. In such a way the oil is not in 
contact with the air and yet acts with regard to the 
pressure as if it were contained in an open reservoir. 

Fig. 18 gives the drawing of a feeding tank. 

Seven separate cells, each with collapsible walls, 1, 
are connected in parallel to a common manifold, 2. 
Each cell is made up from a ring, 3, on which two 
corrugated diaphragms, 1, are soldered and kept in 
place by a ring, 4. The corrugation allows the plates 
to move under expansion or contraction. 

Two standard types of tanks were adopted, one with 
seven cells, as given in Fig. 13, called S-7, and one with 
11 cells called S-11. | 

Each cable of a section was fed by two or more 
of these tanks, paralleled by means of valves and 
manifolds. Fig. 14 gives the value of the pressure of 
the oil inside one cell of a feeding tank, against the 
volume of oil in it, the pressure being given in centi- 
meters of head of oil referred to the center of the tank, 
and the volumes in liters. 

The area included in the curve is due to the 
hysteresis of the metal walls when deformed. See 
Fig. 14. 

Pressure Tanks. As said before, the characteristic 
of this type of tank, Fig. 15, is to have a certain number 
of collapsible air-tight cells, 3, full of gas, separated 
by heavy plates, 5, contained in the tank, 2, which is 
filled up with oil. The outside tank, 1, is able to 
withstand the maximum pressures given by the oil 
of the section during expansion. 
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Each cell is perfectly tight and is filled with an inert 
gas, 6, especially selected for the purpose. 

Three standard types were adopted: A23 with 23 
cells, as shown in Fig. 15, A17 with 17 cells, and A6 
with 6. The curve of Fig. 16 shows how the pressure 
inside the tank varies as a function of the volume of oil 
given out by the tank, for a pressure tank of the type 
A6, pressures being expressed in Kg/cm?. above 
atmospheric, volumes in liters. 


Stop-Joinis. As has been explained in the design of 
the eable, each section is connected electrically to the 
next one by means of a special joint, called stop-joint, 
which cuts the oil communication between them. See 
Fig. 17. The stop-joint consists essentially of a cylin- 
drical tank, 1, full of oil, 2, which contains two inserted 
porcelain terminals, 3, in a V arrangement. 


The end eables of each section terminate in these 
potheads which are electrically connected at the lower 
part. As for the pressure tanks, the outer tank is of 
suitable thickness and has a lining, 5, hermetically 
sealed to the upper cover, 6. The terminal’s insulators 


are cemented at the upper end to the cover and are 


provided at the lower part with two cemented metal 
caps, 7; the tightness of the seams is guaranteed by 
composition cork gaskets. 
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Fig. 14—PRESSURE-VOLUME RELATION OF FEEDING TANES 


The two caps are electrically connected by a flexible 
connection, 4, and carry in the inside a set of brushes, 8, 
for the contact with the connector, 9, which is soldered 
at the end of the cables. The two lower caps and the 
connection, 4, are screened by a metal box, 11, so as to 
have a good distribution of the electric field; for the 
same reason the insulators are provided at the upper 
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end with electrostatic controls, 12. The metal screen, | 


11, is reinforced electrically with paper wrappings, 18, 
and the discharge path to the case is protected by in- 
sulating barriers, 19. The two end cables after being 
reinforced in the field with paper wrappings, 10, and 
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Fig. 16—PRESSURE-VOLUME RELATION OF PRESSURE TANKS 


provided with electrostatic controls, 13, are slipped 
inside the insulators so that their connector, 9, is 
wedged between the brushes, 8, and the lead sheath of 
the cable is soldered to the cover, by means of metal 
sleeves, 14. Asa matter of fact, the stop-joint tank is 
raised from a pit in the manhole up to its final position 
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so that the cables slip inside the insulators. The only 
wipes to be made in the field are those at 15. The 
oil is fed to the cables through a pipe, 16, which is con- 
nected to the reservoirs at the feeding end of the section. 

The oil chamber, 2, inside the stop-joint is connected 
in the field through the pipe, 17, to the terminal at the 
higher pressure, each terminal being at the pressure 


- given by the height of the reservoir of the section to 
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Fig. 18—ErLEcTROsTATIC STRESS IN STOP JOINT 


which it is connected. In this way, the oil in the tank 
is always at the same or at a higher pressure than the 
oil inside each of the insulators and the porcelain is 
subjected only to compression. 

The distribution of the electrostatic field inside the 
stop-joint has been studied in the laboratory in an ex- 
perimental way, plotting point by point the equi- 
potential lines of a special model with the well-known 
electrolytic method, and is given in Fig. 18. The equi- 
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potential lines are taken on a section passing through the 
insulator’s axis. 

Terminals. Fig. 19 gives the drawing of a Pirelli 
pothead. This is essentially the same as the type 
developed by the General Electric Co. for this pur- 
pose, shown in Fig. 20. The upper connection, 
1, is provided with suitable openings, 2, for the 
oil passage and the bottom connections, 3, are 
provided for the oil pipes to the reservoirs. One of the 
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outstanding features of the Pirelli terminal is that it is 
made up with two porcelain insulators, a plain one 
inside, 4, which guarantees the oil tightness of the 
system, and one outside, 5, made up of several] elements 
with petticoats which provide a long longitudinal 
path for surface leakage. The space between the two 
insulators is filled with compound, 6, which acts as an 
elastie cushion against mechanical strains to the inside 
insulator. 

In both types of pothead the cables are reinforced 
with insulation wrappings, ?, and the stresses relieved 
with electrostatic controls, 8. 

Impregnation of the Cable in the Field. The installa- 
tion and the following impregnation of the cable in the 
field were most delicate operations. 'This second 
impregnation was considered necessary so as not to 
trap air at the jointing points, and also, if the eable had 
been shipped and installed with the core full of oil, 
some of it would certainly have drained out during the 
splicing, especially due to the fact that the majority 
of the lengths were not laid level. 

The operation was carried on in the following way: 
All the lengths of a section were spliced together and 
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the end stop-joints, or terminals, of the section were 
installed. A certain number of joints along the section 
were not made up in the final way, but were built in a 
provisional way, as shown in Fig. 21, so as to permit the 
evacuation of the cable, not only from the true ends, at 
the stop-joints, but also at intermediate points of the 
section. 

As a matter of fact, on account of the central passage 
not being perfectly free of oil, due largely to seepage 
from the paper during evacuation, oil slugs are formed 
all along the cable. 

A drop in pressure is created across each slug and 
causes the vacuum in the core to become gradually 
worse, the longer the columns of oil in the slugs and 
the greater their number. A theory was developed 
which enables us to determine, graphically, exactly 
what these differences of pressure are in accordance 
with the profile of the section and also a method to 
check in the field the results of the calculations. We 
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can in this way calculate the distances between the 
provisional joints so that vacuum not poorer than a 
predetermined value will be developed, and this can 
be checked in the field. 

In addition to this, à special impregnating process 
was developed which gives perfect results even if the 
vacuum reached in some point of the cable is not the 
maximum obtainable with the pumps. This re- 
impregnation in the field involves only a small portion 
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of the cable, probably only the central hollow passage 
and an adjacent thin layer of the insulation. Under 
such conditions, the gas occlusions which may remain 
in the core during this second evacuation are only a 
small percentage of this volume and therefore a mini- 
mum portion of the total volume of the cable. The 
vacuum, as said before, was applied at the stop-joints 
and at the provisional joints. After a certain number 
of hours, the impregnation was started by admitting oil 
into the core at the point where the feeding tanks are 
connected. The vacuum pumps at each provisional 
joint manhole were stopped after the oil had arrived at 
this location on all three conductors and had been 
carefully tested. 

The impregnation of the cable was practically ended 
with the arrival of the oil at the stop-joint at the far 
end of the section and after the insulation and the joint 
had ceased absorbing oil. 

After this an impregnation test as described was 
made; such a test, as a matter of fact, was studied 
especially to determine the impregnation quality, after 
installation, as it is not possible or at least not practical 
to take electrical measurements of it in the field. 

The impregnation results obtained on the cable 
installed were of the same order as those on the reels 
after the impregnation in the factory. 

When the impregnation was completed, the section 
was connected permanently to its feeding reservoirs. 
Before putting the cable in operation, the entire line was 
heated to full-load temperature several times by circu- 
lating current in the copper, in order to check the 
behavior of the various accessories, the oil flows, and 
also to ver.fy the fact that the amount of oil in the 
feeding tanks was exactly the quantity required in 
accordance with the load and seasonal temperature 
variations. 

This heating process was also used in some special 
instances to decrease the viscosity of oil and accelerate 
its flow during impregnation, when the weather was 
rather cold. 

Incidentally, one of the advantages of this type of 
cable is that if any leak exists in the joint wipes or other 
connections, it will be immediately detected during 
evacuation, or if of later development, by the applica- 
tion of the oil pressure. In the usual type of cable, 
similar leaks, especially in those parts of the line which 


are completely under water, would allow the entrance 


of moisture, resulting sooner or later in the failure of 
the cable without preliminary indication. 


Manufacture, Inspection, and Testing of 
the 132,000-Volt Cable 


By WALLACE S. CLARK? 
Associate, A. I. E. E. 


There are certain novel features in the manufacture 
of the cable which are, we hope, of sufficient general 
interest to warrant their introduction here. 


3. General Electric Company. 
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In order to secure a central passageway through the 
conductor, a spiral of hard-drawn copper strip was 
formed and the wires composing the conductor proper 
were stranded around this. Special machinery was 
installed to make this spiral and special precautions 
had to be taken in stranding the individual wires around 
it, the inner layer of wires being dented to give free 
circulation of oil. - 

The wood pulp paper used in forming the insulation 
wall was of three different thicknesses and varied in 
density, the thinnest and most dense paper being put 
next to the conductor where the electrical strains are 
greatest, then the intermediate paper, and on the out- 
side the least dense and thickest paper. 

After the core was completed, a radical departure 
from ordinary practise occurred. The insulated core 
had the first lead sheath applied, was wound on a reel 
and heated by immersing it in a steam bath. The ends 
of the cable were sealed and insulated leads were 
brought out through these seals. 

The exhaustion of the heated cable core with vacuum 
pumps was the next step. 

Measurements were taken periodically of the power 
factor of the cable and the insulation resistance between 
the eonductor and the lead sheath during the evacua- 
tion. The particularly interesting point in this process 
is that if the lead sheath has any imperfections in 
it, moisture (steam) will naturally be sucked in through 
these imperfections and the electrical measurements 
made will indicate that this is happening. "This makes 
it improbable that there should be undetected faults, 
such as porous spots or pin-holes in the lead. 

When the desired electrical measurements were 
obtained, oil, which previously had been given a 
special treatment for purification and for the removal 
of all absorbed gases (ordinary transformer oil will 
absorb from 15 to 20 per cent of its own volume of 
air), was admitted to the central core very slowly, 
saturating the paper wall. 

The cable was finally eooled down under oil pressure 
and when room temperature was reached, it was taken 
from the tank and was ready to test. 

After testing, the ends were hermetically sealed and 
the eable was then ready to receive its armor and outer 
jacket of lead. 

The armoring consisted of wrapping the inner lead 
sheath with treated paper tape; next with a thin hard- 
drawn copper tape; then a second paper tape. The 
eable was then taken back to the lead press and leaded 
over all, and was made ready for shipment on especially 
large bodied reels, after removal of the oil. 

Tests. 'The specified tests were similar to those of 
the A. E. I. C. Specifications, and the principal ones 
were as follows: | 

a. Each reel of cable had to stand 175,000-volt 
alternating eurrent for 15 min. between conductor and 
sheath. 

b. Samples maintained at 0 deg. cent., freezing, for 
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two hours were bent three cycles to 180 deg. around a 
drum having a diameter 15 times the diameter of the 
cable, and then withstood 225,000-volt alternating 
current for five minutes. 

c. One full reel of cable from each 15,000-ft. lot was 
tested with 140,000-volt alternating current for eight 
hours. 

d. The original specifications called for a test after 
installation of 140,000-volt alternating current for 15 
min. between conductor and sheath. As it was im- 
practical to secure transformers for this, special 
kenotron testing sets were provided in New York and 
Chicago, and the cable successfully tested with 300,000- 
volt direct current for 15 min. 

The maximum power factor on any one section of 
cable at room temperature did not exceed % of 1 per 
cent, and the power factor at 65 deg. cent., maximum 
operating temperature, did not exceed 0.65 per cent. 
The difference in power factors, ionization, when 
measured at stresses of 20,000 and 95,000 volts, 28 and 
132 volts per mil, respectively, did not exceed 0.2 per 
cent. The average figures were very much better than 
these. 

In connection with the ultimate breakdown tests, 
which were performed on these samples after they had 
passed all the required voltage tests, it is interesting to 
note that comparing the breakdown tests with those 
made on General Electric cables of standard type 
without oil ducts and intended for maximum work- 
ing pressure of 75,000 volts, and having only 1/64-in. 
thicker insulation, the short time breakdown voltages 
were about the same; but with long time tests at lower 
voltages, the oil-filled cable far out-distanced the 
ordinary type. | 

Special Tests. Samples of cable were run 24 hr. at 
225,000-volt alternating current without breakdown or 
injury. This was three times the working stress. 

The five-min. breakdown on samples was about 
400,000 and the one-hr. breakdown about 300,000-volt 
alternating current. 

One special test at Milan ran 30 hr. at 200,000-volt, 
after which the potential was raised to 260,000-volt 
alternating current and held for 20 hr. without failure. 

A very interesting feature shown by the special tests 
was that a length of cable could be tested and the 
constants determined; then, after a heating and cooling 
cycle, be remeasured substantially without change in 
the results. This is one of the best guarantees of 
minimum electrical deterioration which can be deter- 
mined by test. 

The general results at Milan and Schenectady showed 
good agreement, even though some of the Milan tests 
were made at 42 cycles instead of 60 cycles, and all 
tests exceeded the specifications by a large margin. 

Duplication of manufacturing processes at Schenec- 
tady and Milan was secured through the freely offered 
assistance of the Pirelli engineers and the constant 
interchange of manufacturing data. 


SYMPOSIUM ON 132,000 SINGLE CONDUCTOR CABLE 


Transactions A. I. E. E. 


Inspection. All cable manufactured for the New 
York Edison and United Companies, both at Milan 
and Schenectady, was inspected as to processes and all 
tests witnessed by the Electrical Testing Laboratories, 
which maintained a resident inspector at the Pirelli fac- 
tory in Milan for about nine months, especially for this 
purpose. Cable for the Commonwealth Edison Com- 
pany, manufactured at Schenectady, was also inspected 
by the Electrical Testing Laboratories while that manu- 
factured at Milan was inspected by Messrs. Guido & 
Marco Semenza, representatives of Merz & McLellan, 
Consulting Engineers, of London. 


Installation of the 132,000-Volt Cable 


By A. H. KEHOE’, C.H.SHAW>, J.B. NOE, and 
Fellow, A. I. E. E. Associate, A. I. E. E. Associate, A. I. E. E. 
D. W. ROPER*. 


Fellow, A. I. E. E. 
Location and Description of Route. In New York 
the cable runs from the Hell Gate Generating Station of 
The Edison-United Companies, northward through the 
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Borough of Bronx and up to the Dunwoodie Distributing 
Station, in the city of Yonkers, Westchester County, 
a total distance of about 12 mi. The feeder will be used 
to supply the rapidly growing area of Westchester 
County, immediately north of New York City, having 
in mind also the possibility of its use in the future as a 
link in the supply of water power from the St. Lawrence 
distriet directly into the metropolitan area of New York. 

In Chicago, the 132,000-volt feeder runs from the 
Northwest Generating Station of the Commonwealth 
Edison Company northward to the city line, a distance 
of about six mi, where it is connected to 30 mi. of 
overhead line, continuing northward to the Waukegan 
Station of the Publie Service Company of Northern 


4. United Electric Light & Power Company. 
5. The New York Edison Company. 
6. Commonwealth Edison Company. 


Nov. 1927 


Illinois. The line thus serves as a tie between gener- 
ating stations, and transmits power in either 
direction, as may be required. As may be seen 
from the line profiles in Fig. 22, there is a difference in 
level of 285 ft. between the high and low points in New 
York, compared with 27 ft. in Chicago, excluding the 
river crossing. This difference in topography and 
grades made necessary radical differences in sectional- 
izing the line and the location and operation of the tanks 
supplying oil to the cable. 

Figs. 28A and 23B show diagrammatically the connec- 
tions of the New York and of theChicagolines. Fig. 24 
shows the initial transformer installation of 30,000- 
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finally decided upon after consultation between the 
engineers of the two operating companies and those of 
the Pirelli and General Electric Companies. In both 
cities, entirely new conduit lines were constructed for 
the high voltage feeder, with duct space provided for 
the installation of a second feeder. 

Conduit Construction in New York. In New York 
the conduit is of monolithic concrete construction, 
using 4-in. ducts, with two inches of concrete separation. 
In the Yonkers portion there are nine ducts, arranged 
three by three, and in the Bronx portion 12 ducts, 
built in the form of an inverted “T”. The maximum 
cable length is 400 ft. for straight sections, curved sec- 
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Fic. 23aA—DIAGRAMMATICAL CONNECTIONS OF LINE—NEW YORK 
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Fig. 23B—DIAGRAMMATICAL CONNECTIONS OF LINE—CHICAGO 


kv-a. capacity at Hell Gate. The initial installation at 
Chicago was 45,000 kv-a. In each location, provision 
is made foradditional units to bring the transformer 
capacity up to the full line capacity of 90,000 kv-a. 

In New York, the southerly half of the feeder cable 
was Pirelli make, the northerly half, General Electric. 
In Chicago, the cable for two phases was supplied by 
the General Electric Company, and that for the third, 
by Pirelli. 

Conduit and Manhole Construction. In 1925, pre- 
liminary surveys were made in both New York and in 
Chicago to decide upon the best routes for the 132,000- 
volt lines. Profiles were prepared and the routes were 


tions being shorter in proportion to their curvature. 
Fig. 25 shows plan and elevation of the standard man- 
holes used in New York and in Chicago and the method 
of racking the cable. Note especially the racking in 
the Yonkers manholes, which keeps the cables in a 
horizontal plane, each with an offset consisting of two 
full 90-deg. bends with a minimum bending radius of 
24 in, allowing easy expansion and contraction 
of the cable with a minimum strain on the splice. 

L-shaped angle manholes are placed where the direc- 
tion of the system changes. Fig. 26 shows a typical 
angle manhole as used in New York. 

The special stop-joint manhole, Fig. 27, of which 
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there are 11 on the entire line, is 8 ft. wide, 12 ft. of these holes for supporting the tanks. At three 


long, and 10 ft. deep, with a pit 4 ft. deep to allow 
for installing or replacing the stop joints. 
are built into the ceilings of these holes for lowering or 
raising the stop-joints. Normally the stop-joint tank 


rests on iron gratings placed over this pit, but these 
gratings ean be removed when the joint is to be 
lowered. 


—_— 


Fig. 24—INiTIAL TRANSFORMER INSTALLATION AT HELL GATE 
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Fig. 25—STANDARD MaNHOLES—NEW York & CHICAGO 


In connection with the stop-joint manholes, reser- 


voir manholes, Fig. 28, were constructed for the instal- 
lation of the reservoir feeding tanks. 
located at a sufficient elevation from the stop-joint 
manhole to give the proper head of oil for feeding into 
the cable sections. I-beams were built into the ceilings 


I-beams | 


These were: 


locations it was necessary to build special structures for 
containing the reservoir tanks, namely, at the Hell Gate 
Station, where the tanks are contained in a portion of 
the Kenetron Building, at the Yonkers city line, where 
a small house of a bungalow type was built, and at 
Dunwoodie Station where a tower was constructed. 


ELEVATION 
Fig. 26—TYPICAL ANGLE MANHOLES—NEW YORK 
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Conduit Consiruction in Chicago. The internal di- 
ameter of the ducts was four in. and the conduit struc- 
ture consisted of eight ordinary precast concrete ducts, 
such as have been used. previously in Chicago, laid in 
a two wide by four high formation. In order to avoid 
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having any high points in the cable, the ducts were 
installed in a straight line between manholes wher- 
ever possible; otherwise the conduit was installed 
in one long radius bend, concave upward. The 
maximum distance between manholes was made 
about 500 ft. in order to prevent excessive strain « on 
the cable during installation. 

The manholes for permanent joints are 50 to 100 per 
cent larger than manholes used in the past, and were 
designed to accommodate a joint 5 ft. long and to 
permit training of the cable at radii of 30 in. or more. 

The manholes for the stop-joints are 18 ft. long by 
8 ft. wide by about 10 ft. deep and have a 4-ft. pit 
. to facilitate the placing of the ends of the cable in the 
stop-joint tanks. Separate manholes are provided for 
the pressure tanks adjacent to the two end stop-joint 
holes. 
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installation was done under the direct supervision of 
the engineers of the manufacturers. 

Due to the high voltage at which the cable is to be 
operated and to the hollow type of construction, 
extreme care was taken to ascertain that the ducts were 
of the proper size, entirely clean and free from obstruc- 
tions before the cable was pulled. Special mandrels 
and brushes were pulled through each duct for this 
purpose, the cleaning being repeated, if necessary, 
until no more material was brought out. An elaborate 
series of pulling tests was made, using a continuous 
reading dynamometer rig, especially designed to deter- 
mine the pulling tension. In these tests, grease and 
soapstone applied in. various ways were thoroughly 
tested and their relative efficacy obtained, typical 
curves being shown in Fig. 30. The result was the 
adoption in both New York and Chicago of pulverized 


Fig. 28—DrAGRAM OF RESERVOIR MANHOLE CONNECTIONS 


Towers. In order that sufficient hydrostatic pressure 
might be maintained on the oil inside the cable, it was 
necessary that the feeding reservoirs be elevated above 
the section of the line being fed. In Chicago, where the 
ground contour was practically flat, this result was 
secured by placing the oil reservoirs in towers located 
at the ends. of the line and at two intermediate points. 
In New York, it was possible by taking advantage of 
the hills to obtain sufficient pressure with the reser- 
voirs located in manholes, except at the two terminals 
of the line. Figs. 294, B, and C. 

Cable Installation. On account of the radical differ- 
ences between this cable and the types previously 
installed, and the fact that these were the first com- 
mercial installations of this new type of cable, many new 
problems were encountered during installation. In 
addition to the ordinary supervision by the forces of 
the operating eompanies, therefore, the entire work of 


soapstone as a lubricant applied to the duct by the use 
of a series of flexible disks secured to a chain. The 
soapstone was inserted between the disks and deposited 
on the duct surface as the disks were drawn through the 
duet. As further precaution, some soapstone was 
added on the cable as it entered the duct. 

In Chicago, about one-half of the cable route lay 
across open marshy country where the: streets had 
not yet been cut through. Thisintroduced serious prob- 
lems in the transportation of the heavy reels and 
voluminous auxiliary apparatus, as well as the actual 
pulling of the cable, all of which difficulties were suc- 
cessfully overcome by the use of caterpillar tractors, 
trailers, and mud sleds; see Fig. 31. 

Specially designed pulling eyes were installed on the 
cable by the manufacturers so as to prevent collapse 
of the central core during pulling and to keep the cable 
end completely sealed, Fig. 32. | 
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In New York, during the pulling of the cable, thermo- 
couples were wiped on to the lead sheath and pulled 
into the duct with the cable at six selected locations. 

Complete records were kept of the pulling tensions 
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obtained on every section, some average figures being: 

Straight 400-ft. section, down hill. .2400 Ib. 

Straight 400-ft. section, level...... 3500 Ib. 

Curved 300-ft. section, radius 500 ft.4000 Ib. 

Average pulling tension............ 9 ]b. per ft. 

Cable Splices. While the manufacture of the cable 
at Milan and at Schenectady was practically identical, 
the standard joints were radically different, each 
manufacturer supplying the jointing material to be 
used in splicing his own cable. 
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Fig. 30—Curves or RzLaTIvE PULLING TENsION—GREASE 
AND SOAPSTONE 


Fig. 32—PinELLI PULLING EYE 


Pirelli Type. Fig. 33 illustrates the various stages 
in making, and the general design of the Pirelli joint. 

The connectors for connecting the hollow core cable 
and continuing the passageway for oil in the center 
of the cable through the joint are similar in the Pirelli 
and General Electric joints. The connectors have in 
the center a transverse hole closed by a screw so that 
any joint, before it is insulated, can be arranged to 
communicate directly with the oil passage in the center 
of the cable. | 
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The chief characteristic of the Pirelli joint is that the 
insulating material in the joint is paperwhich has been 
previously dried and prepared in the factory. This 
paper is not impregnated, but is surface-treated to 
reduce the absorption of moisture which might be 
collected during the process of jointing. 

Another distinct feature is that the original insulation 
of the cable, after it has been properly penciled, is 
covered with a thin oil silk tape to reduce seepage of 
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Fic. 33—PinELLI JOINT CONSTRUCTION 


oil between the joint insulation applied in the manhole 
and the original insulation in the cable proper, the 
object being to evacuate and impregnate the insulation 
of the completed joint independently of the cable 
insulation. 

Fig. 33c shows the insulation brought up to the 
original diameter of the cable insulation. 

Fig. 33D shows the machine application of the spe- 
eially treated paper reinforcing the insulation already 
applied. 

Fig. 33e shows the aluminum shields which are 
applied to the finished insulated joint before the lead 
sleeve is put on. "These shields act as controls of elec- 
trieal stresses and allow free access of the oil to the 
joint insulation and at the same time, support the lead 
sleeve against collapsing during vacuum treatment. 

The outside sleeve is of lead, usually split longi- 
tudinally for convenience in applying over the alu- 
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minum forms shown in Fig. 33E. After this sleeve is 
wipe-jointed to the cable and the seam soldered, it is re- 
inforced with exterior armor so that it may compare in 
strength with the armored cable sheath. The length 
of the joint is 44 in., (1120 mm.) and the diameter in- 
side is 6.2 in., (156 mm). 

The completed joints, as described elsewhere, are 
field impregnated. Prior to adoption, these joints were 
thoroughly tested out at Milan. 

General Electric Type. Fig. 34 illustrates the General 
Electric type of joint which, it will be seen, differs 
radically from the Pirelli joint: First, in having 
the original cable insulation stepped as shown 
in Figs. 34B and 34c to secure longitudinal dielec- 
trie strength, and second, in being taped by 
hand with specially prepared varnished cambric 
which is packed under oil in sealed containers and which 
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is flushed with a pedal compound during taping. This 
insulation permits slow percolation of oil. P 

The joint is held concentric within the copper casing 
by the insulation cylinder and treated wooden wedges 
shown in Fig. 34. 

IThe tapered ends of the insulation are wrapped with 
flexible copper tape which is united to the lead sheath 
of the cable, distributing the stresses at the ends of the 
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joint and preventing any stress coming on thin films 
of oil between the insulation wrapped on the cable and 
the outer casing. 

The two parts of the copper casing which telescope 
are, united to the cable and to each other by wiped 
joints. In cases where corrosion is feared, the exterior 
of the copper casing is tinned all over. 

The casings are stiff enough to resist any tendency to 
collapse during the evacuation of the cable in the field 
‘and are stronger against bursting pressure than the 
lead sheath of the cable. No interior or exterior re- 
inforcements, therefore, are required., 

The principles of the insulation and stress distribution 
of the joint are the same as those of the General Electric 
45,000- and 66,000-volt joints which have had thorough 
field trials in several installations. 

Short and long time over-voltage tests on the General 
Electric 132,000-volt joint have shown it to exceed in 
strength the original cable insulation. The length of 
the joint i is 42 in. (1073 mm.) and the diameter inside 
is six in. (158 mm.) 

Before any joints were constructed in the field, the 
splieers, foremen, and engineers were given a very 
careful training in the details of construction at the 
shops of the operating company, under the direct super- 
vision of the manufacturers’ engineers. The New York 
company sent a special delegation of foremen and splicers 
to Pittsfield, where they were given instruction in the 
making of the General Electric joint. 

The splicers were first given practise in making the 
essential parts of the joints on short pieces of cable and 
were then required to perform the more difficult opera- 
tions in a manner acceptable to the supervising engi- 
neer and finally to make one or more complete joints. 

One of the outstanding features in the construetion 
of both the Pirelli and the General Electric joints was 
the care used to keep moisture out of the joint. To 
accomplish this, two small hot air electric blowers of 
the hand hair dryer type were arranged so as to direct 
a blast of hot air on the joint from the time the lead 
sheath was removed until the sleeve had been placed on 
the finished joint. 

Each splicing gang was equipped with a dust ring 
which was put in place at the manhole before beginning 
work to keep street dust and dirt from blowing into 
the manhole during the making of the joint. Although 
joints were not started during the rain, it sometimes 
happened that it began to rain during the splicing 
operation, and for this reason each splicing gang was 
equipped with a tent which could quickly be placed in 
position over the manhole. Plastic roofing cement was 
also supplied with which the dust ring was set into the 
manhole in order to prevent water entering from the 
street. 

Upon completion, each joint was tested for tightness 
by applying a pressure with carbon dioxide. gas. A 
soap solution or a heavy oil was placed on the wipes to 
give an indication of any leaks or porosity. Some 
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of the first wipes made were found to be porous, ibut 
after some experimenting it was discovered that by 
adding pure tin to the solder, and glazing over with a 
blow torch, tight wipes invariably resulted. 

Two splicers were required in the manholes to build a 
joint. On the General Electric joint, the splicers 
performed the taping operation in relays, while on the 
Pirelli joint during taping, one splicer worked at each 
end. The time required to construct a permanent 
joint was about eight and ten hours for the General 
Electric and Pirelli joints, respectively. The time for 
making the provisional joints was about six hours. 

Before splicing operations were started on either 
the Pirelli or General Electrie cable, it was necessary 
to make special arrangements to provide energy 
for light and power, which was required along 
the line for making the joints and evacuating the cable. 
In Chicago the necessary power was readily obtained 


Fig. 35—Storp-JoINT AND PREPARED CABLE ENDS 


by the installation of service cables in the vacant ducts 
along the line, but in New York this was not feasible 
and it was necessary to use portable storage batteries 
and gasoline-engine-driven generating units. 

Stop-Joint Installation. The stop-joint was first 
lowered into the pit in the floor of its manhole, after 
which the cable was carefully trained so as to leave the 
ends nearly perpendicular over the stop-joint cover. 
The ends of the cable were prepared as for an ordinary 
joint and the special contact terminals sweated to the 
two conductors. The protective caps were then 
removed from the porcelain tubes of the stop-joints 
and the stop-joints were lifted upwards into place, 
while the cable ends were slipped into the porce- 
lains until they made contact with the spring terminals 
at the bottom of the porcelain tubes. The cable was 
then given its final training and wiped at the stop-joints. 
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The right hand portion of Fig. 35 shows a stop-joint 


-lowered into its pit with the prepared cable ends in 


position just above it. 

Special care was used in the stop-joint manholes to 
so train and secure the cables that any motion due to 
heating and cooling would not result in bending the 
lead sheath at the wipes at the top of the joint. 

Installation. of Feeding and Pressure Tanks. In 
order to avoid injury to the thin collapsible plates used 
in the feeding tanks, it was necessary to use great care 
in first lowering the tanks into the manholes and then 
raising them to hang from the I-beams in the roof. 
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Fic. 37—PrrEssurE TANKS IN POSITION 


Fig. 36 shows an installation of feeding tanks in a 
tower. ! 

The installation of the pressure tanks presented no 
particular difficulties; they were simply lowered into 
position in the bottom of the manhole; see Fig. 37. 

A typical stop-joint installation, with feeding and 
pressure tanks and oil pipe lines, is shown diagra- 
matically in Fig. 28. 

Installation of Valves and Oil Lines. The oil lines 
used for the various connections between tanks and 
cable were of three different types; bare lead pipe which 
was used mainly for connections to joints and valves, 
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jute-covered lead pipe which was used for connections 
between valves and feeding tanks, and steel wire 
armored lead pipe which was used where the oil line 
was pulled in ducts. A typical installation of oil 
pipe line and valves can be seen in Fig. 28. ' 

Installation of Terminals. Allof the Chicago termi- 
nals are of the General Electric type, but in New York, 
Pirelli terminals were used on Pirelli cable and Gen- 
eral Electric terminals on General Electric cable. 
Drawings of the two types of terminals are shown in 
Figs. 19 and 20. 

Oil Conditioning Equipment. The oil used in impreg- 
nating the cable and filling the hollow core, feeding 
reservoirs, pressurereservoirs, stop-joints, and terminals 
was the same as was used in the factory for the original: 
cable impregnation. It was developed under the 
supervision of the Pirelli engineers to meet their especial 
requirements as to dielectric strength, viscosity and flow 
point. The oil used has a flow point of minus 15 deg. 
cent., or lower, which insures proper functioning of the 
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oil in all underground portions of the cable, and special 
heaters have been installed to care for those portions of 
the oil system which may be exposed to temperatures 
below the flow point. The oil pipe runs from the tank 
towers to the terminals in both New York and Chicago 
are boxed in and may be heated when necessary from 
the heaters which are installed in all the tank houses. 

Before any oil was used for filling the central core of 
the cable, joint casings, or oil tanks, it was neces- 
sary to submit it to a special treatment to remove all 
moisture and dissolved gasses. : 

In Chicago the towers provided convenient locations 
for the installation of this oil treating equipment, but 
in New York it was necessary to install a central oil 
eonditioning plant and transport the treated oil from 


' this point to the various reservoir manholes. Standard 


feeding reservoirs mounted on trucks were used for 
this purpose; see Fig. 38. 

Cable Evacuation and Impregnation. Asa preliminary, 
the engineers who were to perform the major operations 
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required during evacuation and impregnation were 
given special training. The training in Chicago 
was greatly facilitated by the use of a dummy set-up, 
representing a mile section of line, consisting of several 
short lengths of cable with high and low spots, and con- 
nected by glass tubing so that the men could see what 
wus happening. In order that the men could become 
familiar with field operations, the apparatus which was 
actually to be used was connected to the ends of the 
set-up as shown in Fig. 39. 

The cable was impregnated one section at a time, the 
first step being to evacuate and fill the reservoirs with 
oil, after which the cable was put under vacuum by 
means of vacuum pumps connected at each provisional 
and stop-joint on the section. This evacuation was 
maintained for approximately 12 hr. for drawing out 
any gas or surplus oil in the core of the cable. 

As shown on the profiles, there were many high and 
low points along a section of line; and slugs of oil were 
formed at the low points, while gas would collect at the 
higher points. A suitable test was made at the be- 
ginning of evacuation to determine the height of these 
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Fig. 39—Dummy IMPREGNATION SET-UP 


slugs opposing vacuum between adjacent provisional 
joints. The maximum and average heights for the 
slugs were, respectively, 10 and 3 ft. This “slug” 
test served also as a check on the continuity of the cable 
core and connections and permitted a prompt discovery 
of leaks or stoppages. 

After the initial 12-hour evacuation period, tests 
were made to determine if slugs of oil still existed in 
the low points of the line which would interfere with 
obtaining a satisfactory vacuum at all points of the 
section. After these tests proved satisfactory, the 
line was evacuated for approximately 36 hr. If a 
good vacuum was then maintained and no leaks oc- 
curred, treated oil was admitted to the line. 

At the beginning of the impregnation of a section, 
oil was admitted to only one phase, the second phase 
being connected when the first was about one-third 
filled, from 8 to 24 hr. later, depending upon the flow 
of the oil and the contour of the section. "The third 
phase was connected when the second was about one- 
third filled. Upon the arrival of the oil at each 
provisional joint, it was first drained off into test 
bottles for testing and then the oil was allowed to flow 
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into the impregnating bottle until the flow reached a 
satisfactory value. After the pressure of the oil had 
become greater than atmospheric, the apparatus was 
disconnected and the joint closed. 

Because of the difference of line contour and 
location of feeding tanks, the process of evacuating and 
impregnating the cable differed somewhat in the two 
cities. In New York the treated oil was admitted 
directly to the line from the transportation tanks, 
which were connected to the cable at the stop-joint man- 
hole located at the high end of the section, while in 
Chicago it came directly from the conditioning plant 
in the tower. 

In Chicago and at the Dunwoodie tower in New 
York, on account of the possibility of leaks in the pot- 
heads or piping which would let in air at the time of 
impregnation, the oil was fed from the reservoir floors 
in the towers to the first manhole of each section; then 
the oil would feed not only forward into the cable but 
backward into the pothead and the vacuum main- 
tained ahead of the oil would draw out any air which 
might come in through possible leaks. 

In both New York and Chicago, the rate of oil flow 
was hastened by heating the conductor with low-voltage 
current when the low temperatures unduly increased 
the viscosity of the oil. On some sections in New York, 
accelerated flow was obtained by feeding in the oil at a 
provisional joint after the incoming oil had passed that 
joint. When the cables had been filled with oil and the 
provisional joints sealed, the valves connecting the 
reservoir tanks were opened. 

From a knowledge of the cable temperature, oil 
viscosity, pressure heads, and cable profile, it was 
possible to predict approximately the speed of oil flow 
along the cable core, and thus to have engineers avail- 
able for supervision at the provisional joint manholes 
when the oil arrived at these locations. 

The time for evacuation and impregnation of a section 
varied from four to six days. The cable was then 
allowed to stand for two or three daysbefore being given 
an impregnation test. The details of this test have 
already been described and characteristic results of the 
tests are shown in Fig. 12. If this test proved satis- 
factory, the provisional joints were opened, the flow 
of oil was stopped by inserting the screw in the hole 
in the connector, and the taping of the joint was 
completed, converting it into a permanent joint. 

Joint Impregnation. After a section of the line had 
been impregnated and the temporary joints converted 
into permanent joints, the next operation to be per- 
formed was the impregnation of the joints. The 
General Electric and the Pirelli joints required two 
different methods of treatment. 

The Pirelli joints were given an initial heat by means 
of special electrie heating pads supplied from a battery 
on the truck where other electrie power was not avail- 
able. After the joints had been evacuated, oil was 
admitted from a special feeding tank. 
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ithe impregnation of the General Electric joints re- 
quired no heat treatment and consisted only of a com- 
paratively brief vacuum treatment and filling. 

After the Pirelli joints had been impregnated, they 
were immediately reinforced with copper bands which 
were wiped on as a reinforcement for the lead sleeve 
against the internal oil pressure. 

A good idea of the time required for the various 
processes described is given in the “Progress of Work" 
diagram shown in Fig. 40. 
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.Fig. 40—''PnoanEsS or Work” DIGNAM CHICAGO 


Bonding. As originally planned, the two lead sheaths 
of the 132,000-volt. cable were to be insulated from each 
other. It was actually found, however, that in many 
cases these leads were in contact after the cable had been 
pulled into the ground. For this reason and also 
because there was a possibility of dangerously high 
induced voltages if.the outer lead were left floating, 
the two sheaths were wiped together on each side of 
each joint. In Chicago, the three cables also were 
solidly bonded in each manhole. With this bonding, 
the sheath current is about 50 per cent of the current in 
the copper and the sheath losses nearly equal the copper 
losses. - 

In New York the sheaths of the three cables were 
bonded at about 1000-ft. intervals in certain straight 
joint manholes, selected from an electrolysis survey of 
the line, but in all stop-joint manholes they were bonded 
on each side of the stop-joint and the two bonds 
connected. l 

Transposition. In Chicago, the 6-mi. underground 
line is in series with, 30 mi. of overhead line; that is, 


the cable has only a small percentage of the total 


impedance of the tie line; therefore it was practicable to 
install the -underground cables without transposition 
to balance the impedance of the phases. In contrast, 
the eable in New York formed the entire tie Jine and, 
therefore, to obtain equal impedances of the phases, 
they were transposed at eight points along the line. 
Fireproofing. The final operation was to give the 
cables a fireproof covering in the manholes. In Chicago, 
this consisted of a layer of 1-in.' asbestos.tape applied 
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with a butt lap, over which was [the jusual [rope and 


‘cement fireproofing. The tape was applied because 


the lead sheaths were so thin it was considered best [to 
protect them against any damage that they might suffer 
from cracking of the cement or breaking iit off, should 
such a step be necessary for repairs. | 

The New York companies used their usual type lof 
fireproofing, consisting of metal lath and cement on the 
greater portion of the line; and a new type consisting of 
an asbestos netting and speria! fireproo! cement on the 
balance. 

Testing Set. Each utility has purchased a sedat 
400,000-volt, 0.25-ampere, direct current, Kenotron > 
cable testing outfit, installed at Hell Gate and North- 
west Stations in buildings constructed especially to 
contain them; see Fig. 41. 

These sets are the largest ever male up for com- 
mercial use and a minimum space 30 ft. by 30 ft. by 30 
ft. is needed for the set alone, exclusive of that required 
for cable terminals, switch gear, etc. For the purpose of 
assisting in the location of any failures that may develop 
during tests or operation, the Kenotron tubes have ibeen 
arranged so that they may be connected to give higher 
currents at lower voltages, the maximum current rating 
being two amperes at 50,000 volts. 

The test agreed upon, of 300,000 volts for 15 min., 
was applied to each phase separately without break- 
down or indication of weakness in either the New York 
or Chicago cables. 
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_, OPERATION 


There have been no electrical troubles from the time 
the cables were put into operation, June 2 for Chicago. 
and August 9 for New York, to the time of writing, 
Oc obe: 20; but there have been oil leaks which re- 
quired repairs in stop-joint, gasket of pothead, joint 
wipes, pressure tanks, and lead jacket of cable section. 
In all cases, it has been possible to maintain the line in 
service until convenient to take it off for repairs. . 

The maximum load on the lines has been about 45,000 
kv-a. The manufacturer's guarantee included a maxi- 
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mum allowable copper temperature of 65 deg. cent., a 
maximum power factor at that temperature of 1.25 
per cent and a carrying capacity of 91,000 kv-a. The 
insulation of the cable as delivered, however, hada 
power factor of 0.5 per cent which permits an increase in 
the rating under identical field conditions to 98,000 kv-a. 


The charging current of the underground line is 
. 2400 kv-a. per mi., or about 25 times the value for a 
300,000-cir. mil overhead line of the same voltage. 
The underground installation in Chicago is equivalent to 
a synchronous condenser of about 14,000-kv-a. capacity 
and the corresponding figure for New York is 28,000 
kv-a. | 
Inspection and Signaling. Special equipment, proces- 
ses, and plans are being worked out and special erews of 
men have been selected and trained to locate and repair 
any failures that may occur. Regular routine inspec- 


tion is being made of the feeding reservoirs and of all 


manholes and the quantity of oil in the feeding reser- 
voirs and water conditions noted and recorded and any 
unusual conditions reported at once. 


The lines are provided with the usual automatic 
switches to open in case of failure and additional 
devices will be provided to indicate oil leaks as the 
life of the cable is brief, if it is not entirely filled with oil. 


Repairs. As the cable has a hollow conductor filled 
with a very fluid oil, special provisions have been made 
for repairing the line so as to reduce, as far as possible, 
the entrance of air and moisture if the oi] runs out. 
Experience indicates the feasibility of confining the 
damage occurring in this manner to the length of cable 
on which the trouble occurs, provided that the devices 
for indicating loss of oil are reasonably accurate and 
reliable. When necessary to remove and replace a 
length of cable, arrangements can be made by suitable 
connections so that there will be a continuous bu: slight 
flow of oil out of the cable, thus preventing the ingress of 
air or moisture. 
of the devices and methods to be used for this purpose 
had been discussed at some length by the representa- 
tives of the several companies, and a leak in the cable 
sheath which developed about two weeks after the 
New York cable was placed in service gave an oppor- 
tunity to try out these plans. The periodic inspections 
of the oil reservoir tanks showed that there was a loss 
of oil at a slow rate on one phase of a section and by 
inspecting manholes a location was found where cil was 
leaking out from between the inner and outer lead 
sheaths on a length of cable. The oil leak was very 
small, about five cu. em. per hr., and the cable could 
have been left in service for weeks if necessary, but it 
was decided to replace the section promptly. 


The static oil pressure on the defective section was 
about 30 lb. per sq. in. and the change was accomplished 
with the loss of only a few gallons of oil and without 
permitting airto enter the good cable on either side of the 
replacement. 
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The oil core of the phase to be repaired was connected 
at the end of the section remote from the feeding 
reservoirs to the oil core of an undamaged phase thus 
allowing a continuous flow of oil from both directions 
toward the repair during all subsequent operations. 


The length of cable to be removed was then cut in 
both manholes so as to leave the joints connected to the 
two good ends. 


Each joint was then taken down by unwiping the 
lead sleeve and removing the applied insulation and a 
hole was drilled transversely through the connector 
and reamed to a taper. During these operations the 
oil was allowed to flow, thereby preventing the entrance 
of air into the cable. A long tapered plug was then 
inserted in the reamed hole so as to block off the flow 
of oil from the good side of the cable. The defective 
length was then unsweated from the connector and the 
replacing length sweated in, and a provisional joint 
made up. The cable was then evacuated through the 
two joints, oil admitted, and the joints converted into 
permanent joints. 


Experience has shown that a leaky wipe on a joint in 
a manhole can be repaired in about 2hr. by draining 
the oil out of the joint so as to remove the internal 
pressure. A stop-joint was replaced in about 15 hr. 
and a section of cable in 215 days. It is thought 
that a failure in a joint which does not involve replace- 
ment of cable ean be made in approximately 36 to 48 
hr. If the trouble or the replacement of the length of 
cable involves the entrance of a large amount of air 
into the cable, then it may be necessary to repeat the 
original process of evacuation and impregnation, 
requiring considerably greater time. 


The time for all of these operations, however, will 
vary, depending on the location of the trouble and the 
profile of the section. 


Conclusion. From the foregoing details it may be 
seen that many vital features employed in the manu- 
facture, installation, and impregnation of this type of 
cable will also impart a new direction to the attain- 
ment of better and more reliable cables of the ordinary 
type. The indications are that this cable marks a new 
epoch in cable engineering. 


Discussion 


H. L. Wallau: This development marks a substantial ad- 
vance in the art. From the design data submitted by Emanueli 
in the maximum working stress appears of the order of 160 kv-in. 
(63 kv-em.)—over three times the safe limit set by Shanklin 
and Matson in 1919. This value assumes non-graded insulation 
of uniform specific inductive capacity. 

Two years ago the speaker made a study of the probable di- 
mensions of single-conductor paper-insulated cables of the 
ordinary type for use at a maximum potential of 80 kv. to 
sheath. Maximum working gradients of from 50 to 150 kv-in. 
were used and the #/r value of the cables set at 2.72. A lead 
sheath of 9/64-in. thickness was assumed. Typical results were 
as follows: 
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Maximum 
Working r R Overall Safety 
Stress, Kv-in. Inches Inches Dia. Inches Factor 

50 1.600 4.33 8.94 5.30 
100 0.800 2.17 4.62 2.65 
150 0.533 1.45 3.19 1.77 

The Pirelli cable yields 
160 0.610 1.315 3 approx 3.5 to4 

From tests 


The safety factor of a cable may be defined as the ratio of the 
indefinitely sustained breakdown voltage to the operating vol- 
tage, or 


S F.— Breakdown voltage 


Operating voltage 


_ Breakdown gradient 
Operating gradient 


Except in the ease of Pirelli cable, the numerical values given 
were obtained by using & sustained breakdown gradient of 
265 kv-in. for impregnated paper insulation, based on test data 
by Peek. 

This study led to the conclusion that for such cables working 
stresses of 150 kv-in. were required since they alone yield cables 
of reasonable diameter and weight. The danger lay in the low 
safety factor obtaining. 

The test results on the present type of 132-kv. cable reported 
by W. S. Clark indicate a sustained breakdown voltage of some 
260 kv. to 300 kv. or a safety factor of between 3.5 and 4. 

This increase in safety factor has apparently been accom- 
plished by two means: 

1. The insulation seems to have been graded, not by using 
different impregnating compounds and one quality of paper but 
by a reversal of this method, which lends itself particularly well 
to commercial production, namely, the use of a single compound 
and of several qualities of paper. Is this supposition correct? 
What is the calculated maximum working stress in kv-in? 

2. Ionization has been practically suppressed by the complete 
exhaustion of all gases from the cable after installation, the 
filling of all voids within the cable with suitable oil and by 
maintaining that condition over the working cycle of the cable, 
coupled with an internal pressure head, never less than atmos- 
pheric, which prevents the entrance of air or moisture. 

Incidentally, these cables are guaranteed to operate at a 
temperature of 65 deg. cent. or 5 deg. higher than the maximum 
safe temperature" set up in the A. I. E. E. Standards No. 30. 
The speaker was instrumental in having the old rule of 
t = 85 deg. — E modified and suggests that the new standard be 
further revised to make it accord with present practise. 

The reasoning and methods employed leading to the deter- 
mination of the locations of feed and pressure tanks are exceed- 
ingly ingenious and the field impregnation test equally so. 

The two types of joint used differ in details. It is interesting 
to note that machine wrapping is being used in the Pirelli joint 
and a copper instead of a lead sleeve used in the General Electric 
joint. It is believed that the Cleveland 66-kv. joint was the 
first in which either of these two things was done, brass, instead 
of copper sleeves, being used in Cleveland. | 

Mr. Torchio has dealt somewhat with the economic aspect of 
this development, but has not touched on eost. It is rumored 
that these initial installations are more costly per kv-a. than 
66-kv. circuits including 2-to-1 stepup transformers. It is 
possible that future installations will decrease in cost somewhat, 
and possible also that for higher-voltage circuits the cost per 
kv-a. may show an appreciable reduction over that for 132-kv. 
circuits. Comparisons of cost per kv-a-mi. for voltages of 
132-kv. and 220-kv. would be of interest. 

There are two points relating to details that are not quite clear. 
How is the core of the heated cable exhausted? Mr. Clark states 
that the ends of the cable section are sealed after heating and 
insulated leads brought out d the seals, after whieh the 
vacuum is applied. 


SYMPOSIUM ON 132,000 SINGLE CONDUCTOR CABLE 


‘sures of ignorance. 


211 


In the paper descriptive of the installation methods occurs the 
statement: “The oil core of the phase to be repaired was con- 
nected at the end of the section remote from the feeding reser- 
voirs to the oil core of an undamaged phase, ete.” Does not 
the making of such a field connection require the opening of. a 
joint in one of the undamaged lines? 

H. L. Wallau (communicated after adjournment): The 
tabulation given in my previous discussion may be extended to 
cable for operation at 220 kv. (nominal) using the same R/r 
ratio. In this case, the voltage between conductor and sheath 
will be 133.5 kv. allowing the conventional 105 per cent, of 
nominal pressure as maximum circuit voltage. 


Maximum Insulation Over-all 


Working r R Thickness Diameter, ^ 
Stress, Kv-in. Inches Inches Inches 9/64-in. sheath 
150 5.12 
160 4.80 
200 3.96 
250 8.18 
300 2.70 


It is fair to assume that manufacturers today cannot produce 
oil-filled cable which may be operated at a maximum gradient 
exceeding 160 kv-in. with the factor of safety now believed neces- 
sary for such important service, involving powers of the order of 
150,000 kv-a. per circuit at 220 kv. Factors of safety are mea- 
Hence, operating experience with the 
132-kv. cables may disclose that a factor of safety of from 2]to 
2.5 is quite liberal, whieh would permit of gradients of the order 
of 250 to 300 kv. per in. Such gradients would bring 220-kv. 
eables in the 3-in. diameter elass. 

Mr. Roper has stated that the Chicago installation cost 
complete including conduit, cable, towers, tanks, ete., is 
$1,250,000 for a 6-mi. line of 98,000 kv-a. capacity. This yields 
a cost of $2.13 per kv-a-mi. If experience proves that this cable 
might safely be operated at 220 kv. with the same ampere load- 
ing or 163,000 kv-a. the cost per kv-a-mi. would be reduced to 
$1.28. The cost of the 66-kv. cable installation in Cleveland, 
complete in every detail, based on a conservative rating of 
35,000 kv-a. per circuit, is $1.62 per kv-a-mi. Two circuits each 
814 mi. are installed. 

F. A. Brownell: The cable installations in New York and 
Chicago have shown a great advancement in the art of under- 
ground transmission. Apparently we will have to change our 
concepts regarding high-tension cable, both in regard to cost 
and installation, for it is quite obvious, after witnessing the 
moving pictures of the installations, that the cost must have 
been considerable. 

Mr. Emanueli, in a footnote, mentions “all the delicate 
operations of installation and impregnation.” That ‘delicate 
operations” is.& new term to most of us. Ordinarily we do not 
think of delicate operations in connection with cable installation 
but if we did we might lessen some of our troubles. 

The following statement seems rather startling, ‘‘All these 
difficulties and uncertainties would not have allowed the design 
of a 132-kv. eable of the usual type with any probability of 
success.’ 

It would be interesting to know whether or not the American 
cable engineers are in agreement with this statement as some 
of the preliminary tests made on the usual type of cable have 
been encouraging. 

J. B. Whitehead: Mr. Clark has mentioned the electrical 
characteristics of these cables. He stated that he had found a 
descending power-factor-voltage curve indicating a negative 
ionization coefficient, and that this fact caused him and his 
associates some disquiet, because they saw no obvious explana- 
tion. Having visited my laboratory in Baltimore and learned 
that we too had found such curves, he was somewhat relieved, 
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but not yet satisfied. He then stated that he subsequently 
found that the explanation of his descending power-factor- 
voltage curves was found in an error introduced into his air 
condenser, owing to the high moisture content of the air; and 
that having eliminated this source of error he found that his 
power-factor curves came back to a flat shape, thus indicating 
that he attributed the apparent descending power-factor curve 
to an error in his method of measurement. He did not tell you, 
however, what he thought of our descending power-factor 
curves, but the obvious inference is that he attributes them to a 
similar source of error. I want to correct that impression. 

It may be true that in the presence of moist air, that is to say, 
a relative humidity of about 80 per cent, an open-air condenser 
may take on a power factor which is other than zero. If it does, 
and incidentally I doubt it, such an error will cause a decrease 
in the apparent power factor of a cable measured in the Schering 
bridge in the usual connection. However, the apparent decrease 
of power factor owing to such an error is not nearly as great as 
the decrease that may be observed under certain conditions in 
the power-factor-voltage curve of perfectly impregnated 
insulation. 

We have found dozens of such decreasing power-factor- 
voltage curves. They are inherent in all thoroughly impreg- 
nated insulation when the temperature is above 40 or 50 deg. 
Below this temperature such insulation shows a perfectly 
flat power-factor curve, but above the temperature mentioned 
there is a maximum power factor at relatively low voltage 
gradient, decreasing thereafter towards higher values of gradient. 

I believe that there is a sound theoretical explanation of this 
decrease in power factor. The power factor of impregnated 
‘paper insulation is intimately connected with the conductivity 
-characteristics of the impregnating compound. The con- 
-ductivity of these compounds is due to the motion of ions which 
probably consist of aggregates of molecules surrounding a 
‘central charge of molecular or atomic dimensions. It is well 
known that this type of conductivity has an initial limiting value 
at any temperature. As the voltage rises the ions are drawn out 
of the liquid more and more rapidly until finally the conductivity 
is greatly lessened, being that corresponding to the rate at 
which new ions are generated or liberated in the liquid. This 
conductivity has in general a much lower value than the initial 
value. Thus as the voltage goes up the charging component 
of the current goes up, but the conductivity component of the 
charging current remains fixed and the power factor therefore 
comes down. 

R. W. Atkinson: I wish to say a word about a point con- 
cerning which Dr. Whitehead has spoken. We have found, 
as has he, that some types of cable dielectric do show very 
definitely a decrease in power factor with increasing voltage. 
Our standard of reference has been an air condenser with a 
dielectric of compressed gas (very dry, compressed carbon 
dioxide). Many types of check measurements, carefully 
repeated at intervals over a term of several years, have given 
us great assurance in these measurements showing decrease of 
power factor in certain dielectrics, with increase in voltage. 

Our experience as to the type of dielectric most likely to 
produce this condition is also parallel to Dr. Whitehead’s, 
namely, wellimpregnated dielectric, tested at high temperatures, 
that is within the range of 60 to 100 deg. cent. In our case, 
characteristics of this kind associated with saturated paper 
have seemed to occur particularly where the impregnating 
medium is a relatively fluid oil. 

No one needs to ke told how great is the accomplishment 
that has been described in this paper. Transmission of power 
by eables at 132 kv. until so recently the limit of extensive 
overhead transmission, is recognized at once as a great advance 
in all electrical industry and can be appreciated by the executive 
who is concerned with financial problems, by the engineer who 
is a specialist in some other line, the general engineer as well as 
by the transmission engineer. 
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However, many may not appreciate the magnitude of the 
work done in arriving at this finished result. "The authors have 
been modest in describing the development of this work and 
have presented to us a finished product, a procedure that always 
makes an accomplishment seem easy. 

Aside from those taking part in this particular development 
or directly associated with it, only those who have had to cope 
with related problems can adequately appreciate the magnitude 
of the physical task performed. I want, therefore, to congratu- 
late these men and the manufacturing and operating companies 
they represent, for their great vision as well as for their pains- 
taking efforts in overcoming the obstacles in the way of 
accomplishment. 

W.A.Del Mar: There is one aspect of the installation which 
especially interests me as a cable manufacture, and that is to 
see these two manufacturers, the General Electric and the 
Pirelli Companies, undertaking the major part of the engineering 
work. I do not mean to belittle what has been done by the 
operating companies, but we have been seeing a growing ten- 
dency, in recent years, toward the operating companies taking 
over more and more of the design details of cable installations. 
Here we have a return to the practise of leaving the major 
responsibility to the cable manufacturers, which I think is a 
healthy sign. 

The manufacturers appear to have taken this responsibility 
with a full appreciation of the difficult and intricate engineering 
features involved and they are to be congratulated on having 
produced a model installation. 

We are, however, only at the threshold of 132,000-volt cable 
developments and it may be found that many of the complica- 
tions are unnecessary. There are at present, both at Chicago 
and Newark, experimental installations of 132,000-volt cable, 
some of whieh are of the ordinary design and they have been 
successfully carrying voltage for several months. 

The question of the breathing of the cable, that is to say, the 
expansion and contraction of the oil in and out of the cable, is, 
of course, a very important feature of the installation. It 
would be interesting to know whether this expansion, which 
forees oil from the cable into the reservoir, is of the magnitude 
to be expected from the expansion of the oil in the hollow core 
only, or whether the expansion is greater than that and involves 
part or all of the oil which is with the paper. 


Mr. Emanueli’s paper bases the theory of this installation 
upon the idea of maintaining constant the impregnation of the 
eable by providing for the effects of changing temperature. 
We should not forget that it also involves the maintenance of a 
certain variable hydrostatic pressure within the cable which, 
according to this paper, varies from 1 to, I think, 3 or 4 atmos- 


: pheres, so that probably the cable, during most of its operation, 


is at considerably above atmospheric pressure. The dielectric 
strength of the insulation, and its capability of resisting ioniza- 
tion are greatly increased by the hydrostatic pressure.  Pos- 
sibly in going to higher voltages, which l think we can see 
clearly before us now, that aspect of the design will have to be 
given more consideration. 

F. M. Farmer: Theessential feature of this type of construc- 
tion, of course, is the application in as nearly an ideal way as 
possible of the theory which has been recognized for along time 
as being essential in insulation, namely, the complete removal 
of gas and voids from the insulation (which means in the case of 
cable insulation not only the complete removal of gas and voids 
from the paper but also from the oil) and the maintaining of this 
condition under all conditions of operation. In other words the 
complete insulation structure must be kept in its proper con- 
dition at all times. 

It is evident, of course, that this construction must have been 
expensive. There might be some question in the minds of some 
operating men as to the economic justification for these installa- 
tions—some question whether the present state of the art 
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Justifies the expenditure involved. I think we ought to look 
just a little ahead. 

If this type of construction proves successful, and the chances 
seem to be excellent that it will, it demonstrates in the first 
place that there probably is no reasonable limit to the voltage 
at which underground transmission ean be made. Two hundred 
and twenty thousand volts is obviously in sight under those 
conditions, and the economic phase of the situation then takes 
on an entirely different aspect. Costs that might not be jus- 
tifiable at 133 kv. might be entirely at 220 kv. 


In the second place, if this principle is shown to be the solution 
of the high-voltage cable problem, won’t means be found for 
applying it at moderate voltages at considerably less expense? 
So I say that this large-scale experiment, as it might be called, 
is going to be of real value in demonstrating the correctness of 
this fundamental theory. Despite the fact that this theory 
has been with us a good many years, there have been conflicting 
evidences as to its importance. This installation is going to 
demonstrate once and for all the soundness of that funda- 
If the theory is proved then the expenditure 
on the part of these two companies will be amply justified, and 
as some of the speakers have said, the industry will owe these 
companies a great debt, for their foresightedness and their 
courage in going ahead with this very expensive undertaking. 
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E. B. Meyer: I might say that in the Public Service System 
of New Jersey there is an experimental installation of a 132,000- 
volt cable. The cable was furnished by three manufacturers, 
and each manufacturer was allowed, in designing the eable, 
to bring forth his own ideas, each type of cable being one phase 
of the circuit approximately 1000 ft. in length, a total of 3000 ft. 
of cable. The cable is constructed somewhat on the order of 
eables operating at lower voltages. 

One cable is a hollow-core type filled with ownd another 
of a concentric type, and still a third one has a rope core. 


The eables are not oil-filled. The joints are both machine- 


made and hand-wrapped, using paper and. varnished cambric. 
The cable has been under potential since February of this year, 
and on June 1 it was placed in service carrying load. 


C. F. Harding: Following the suggestion of Dr. Whitehead, 
not only does that field of intensity change very greatly within 
the dielectric with the change of voltage, but it departs materially. 
from any calculated field which would be expected in a single- 
phase cable, and particularly in a multiple-conductor eable. 


The accompanying illustration is a photograph of this field in a 


cable model. In the methods which ‘have been used in this 
particular demonstration, not only is the field, and therefore 
the intensity, about the surface of the conductors at different 
points very greatly ehanged with increased voltage but we 
. 1. "Improved Method of. Visualizing and Photographing the Dielectric 


Field," by R. H. George, K. A. Oplinger, and 'c, F. Harding,’ Bulletin of 
Eng. Exp. Station, Purdue University. 
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also have a sufficient mechanical moment in the dielectric to 
produce an actual rotating field. 
. We wondered at one time what that blur on the pbotjerapl 
was, and what the apparent difficulty in visualizing the field 
might, be, but after inspecting carefully and taking several 
photographs the cause was found to be the actual rotating of the 
particles in the dielectric itself, in the multiple-conductor cable. 
Such a method of visualizing.and analyzing the dielectric field 
by photographic means, possibly with the motion picture 
camera, applied to the actual motion within the dielectric at 


-higher voltages, may throw some light upon the test values, 


maintenance costs, and possibly the cause of. breakdown .of 
such high-voltage cables. 

G. B. Shanklin: The vrinciple of a liquid-oil filler. io pre- 
vent void formation in high-tension fibrous insulation is so 
firmly established and has such preponderant evidence back. 
of it that little need be said here. 

To my mind, the most convincing evidence is found i in ihe 
evolution of high-voltage capacitors for power-factor correction. 
For reasons of economy it is necessary to operate. the. dielectric 
in these capacitors at a working stress several times higher 
than that in cables of the ordinary type. Every conceivable 
form of insulation was tried, no limits being set by mechanical 
requirements, such as flexibility, ete. Paper, carefully evacu- 
ated and impregnated with a liquid oil, submerged in this oil 
and sealed off from the atmosphere, proved to be in a class by. 
itself. No other form of dielectric could even approach it 
from the standpoint of economy and safety. 

To work out and apply these principles in a practical : way “to 
a long line of 132,000-volt cable was a vastly more difficult. job: 
The papers presented today show how it: was done, and: to the 
Pirelli Company belongs the major credit. for their initiative 
and foresight. 

It should be remembered that these ies are pioneer 'installà- 
tions. Invaluable experience has been gained which -will, 
in future installations, result in very material savings.in econ- 
omy and simplicity. r | 

A great deal of attention has recently bean entered a apon the 
possible use of ordinary solid cable, that is, cable impregnated 
with very viscous compounds, for 132, 000-volt operation. I 
should like to point out that our company was one of the first 
to attack the problem from this angle. We-have had trial 
lengths of this type of cable operating on the 110,000-volt lines 
of the New York Power and Light Corporation for more than 
three years and propose to continue our experiments. 


Our present conclusions are simply these. The solid-type 
cable can be made to operate more safely by oil-reservoir 
feed from the joints. No doubt the present limit of 66,000 
volts ean be raised by taking every possible precaution. 
Whether we shall ever reach successful 132,000-volt operation 
is very doubtful. If so, one thing is certain, we shall be too near 
the ragged edge for comfort and cannot hope to approach 
the operating record of the liquid-oil-filled-cable, with its 
greater factor of safety, both from the standpoint of voltage 
stressing and current loading. From an economic standpoint 
it is my opinion that the liquid-oil-filled-high-tension: cable will 
eventually be on equal terms with solid cable of the same 
voltage rating, due to reduction in insulation thickness and the 
greater allowable temperature range, or current loading. 

- Finally, we should look ahead to the future, as Mr. Torchio 
Te so ably pointed out, for the day will eome when 220 ,000- 
volt eable will be needed. 


' K. W. Miller: In the study of oil movements in single- 
addo cable in general as well as in the determination of the 
lengths of sections of line between stop joints and in the design. 
of the reservoirs, pressure tanks, and cable, it is important to be 
able to predetermine oil flow and pressure drops along the section 
during load changes. Since the rate of oil flow depends on the 
rate of temperature changé- and. since also the friction drop is 


214 


directly dependent on the viscosity of the oil, which in turn is 
dependent on the temperature, it follows that from a complete 
solution of the cable temperature transient under any assumed 
conditions it would be possible to predict oil flows and pressures 
with considerable accuracy. Such a solution is possible for 
the cases of cable cooling after load removal by the use of 
Bessel functions. 

Mr. Emanueli has derived approximate values for these 
quantitites which he calls a and b using several simplifying 
assumptions, and from them determined the general layout of 
the oil system. The static pressures and the reservoirs are so 
large that considerable inaccuracies in the determination of oil 
flows and pressure drops are not very important. However, 
long sections, oil towers, and high oil pressures requiring rein- 
forced lead sheaths, and causing frequent oil leaks, are all dis- 
advantages that will probably be eliminated on any future 
lines. With smaller static pressures, the pressure drops with 
changing load will be more important, and also the pressure 
drop due to the radial oil flow through the insulation will become 
relatively more important. 

The question of the relative merits of oil eore and fluted 
lead-sheath oil ducts, also requires a more thorough analysis of 
the temperature transient. Knowledge of this thermal transient 
is quite important in consideration of voids and compound 
migration in lower-voltage cables not oil-filled. Therefore, it ap- 
pears worth while to analyze the thermal transient more exactly. 


Let us consider a cylindrical element of insulation of unit 
length at radius x and thickness d z. In addition let 
t = time in seconds 
r = inside radius of insulation 
R = outside radius of insulation 


Qı = thermal capacity of copper and free oil per anit length 
Q: = thermal capacity of sheath per unit length 
q = specific thermal capacity of insulation per unit volume 


p = specific thermal resistance of insulation per unit volume 
E - thermal resistance, sheath to duct per unit length 
(assumed constant) 


T = temperature deg. cent. at point considered 

T, = duct temperature—assumed constant over initial period of 
transient 

W watts heat flow across circular element at z 


W. = watts heat flow sheath to duct 
= volumetric thermal coefficient of expansion of oil and 

paper insulation 
@, = rate of oil flow contributed by core per unit length 
a; = rate of oil flow contributed by insulation 
rate of oil flow contributed by thermal shrinkage of sheath 
a = total resultant rate of oil flow, per unit length. 

The rate of temperature change in an element of volume 
A V is directly proportional to the heat generated in the element, 
to the differential of heat entering and leaving the element, and 
inversely proportional to the heat storage capacity of the element. 
Setting up this relation and simplifying we get 


e 
e 
ll 


OT 1 OW , k(D.L) 
eet y o a Oe To us z 


where the last term represents the effect of dielectric loss on the 
assumption that the dielectric power factor is constant, indepen- 
dent of voltage gradient. Variation of dielectric loss with tem- 
perature can be approximated by a method not discussed here. 
The differential temperature drop across an element is directly 
proportional to the heat flowing across the element and to the 
heat resistivity of the element. Setting up this relation and 
simplifying we get: 
2Tz ÒT 
P ^ Oz 
Differentiating (2) with respect to z and substituting into (1) 
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This equation cannot be exactly solved in general due to the 
dielectric-loss term. However, for the most important case of 
dropping both voltage and current this term automatically 
disappears except for the initial condition where it can easily be 
handled. 

A solution of (3) for opening the switch and ‘‘killing the line” 
which is sufficiently general to satisfy all limiting conditions is 
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where A, and B, are not independent. 
The limiting conditions in time are 


t=0, T = fı (x) (fı known) 
=o T=T> | (3) 
and in space are: 
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Combining (8) with (7) and then (2) with (6) and (7) we get 
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Differentiating equation (4) and substituting it into equations 
(6a) and (Za) and simplifying we obtain the following equations 
for determining the roots U, and the relation between constants 


A, and B, 
(x2) 
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Equation (9) may readily be solved graphically for the first 
three roots Z, = R U,. Since the time exponents in equation 
(4) vary as (un)?, the series rapidly converges for all except very 
short times. But for zero time, knowing copper loss, dielectric 
loss, sheath loss, and fi (x), the temperature derivatives can be 
obtained directly from equations (3), (6), and (7). Therefore, 
the first three terms will give ample accuracy. 

Values of the constants A, can be determined by equating 
equation (4) equal to f; (x) at time t = O0 and giving n fixed 
values to x and solving for the coefficients A4. The nature of 
the Bessel functions is such that f; (z) can be closely approxi- 
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mated with three terms. Equation (4) is now completely 
determined. 

If we take the time derivative of equation (4), we may multiply 
it by the elementary volume and by the unit volumetric coeffi- 
cient of shrinkage for the insulation and integrate for the 
total oil demand of the insulation. 
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If we let z = r and z = R in equation (4) we get the thermal 
transient of the copper and sheath respectively. The time 
derivative of the equation for z = r can be multiplied by the 
thermal volumetric expansion coefficient of the copper and oil in 
the core to obtain that portion of the oil flow a, contributed by 
the oil in the core. Likewise the time derivative of equation 
(4) for the sheath when xz = R can be multiplied by the linear 
coefficient of thermal expansion of lead, properly applied, to 
obtain the volumetric shrinkage of the sheath, as. Then the 
total oil flow is a = + a; + as — as. 

It is interesting to note in the numerical application of these 
equations that with low dielectric loss and large sheath loss, 
or also for dropping load current only, then during the initial 
period the sheath shrinkage may be nearly equal to the volu- 
metric shrinkage of the oil. For these conditions in extreme 
eases the oil flow a at time ¢ = 0 may start at zero or even a 
negative value (reverse flow). 

A remaining consideration is the natural elasticity of the 
cable. 
with any reasonable assumption for the volumetric coefficients 
of compressibility of the oil and solids and of Young’s modulus 
for the lead sheath and copper binding ribbon, that the elastic 
effect cannot possibly exceed the equivalent of 1 deg. cent. for 


the pressure changes involved. As 1 deg. cent. is only a few per 


cent of the maximum total temperature change of the cable 
for any condition, the elastic effect may be neglected without 
serious error. 


Knowing the copper temperature transient (and with it the 
oil viscosity), the resistance coefficient which Mr. Emanueli calls 
b is known as a function of time. Therefore, the product ab 
or pressure drop can be completely determined with the same 
accuracy as we can measure the various constants of the cable. 

The oil system was designed to maintain the oil pressure in 
the central core above atmospheric pressure. However, it must 
be remembered that capillary forces are very considerable and 
the paper fibres having once been “wet” by the oil will draw oil 
in from the core even though the pressure in the core drops below 
atmospheric. Radial friction pressure drops are not large so 
that a considerable margin of safety exists for the prevention of 
voids. Oil flow as determined theoretically from equation (11) 
and experimentally in the field, checks within reasonable limits, 
indicating that no voids form in the insulation during the worst 
case, that is, killing the line after it has been carrying full load 
long enough to reach its maximum temperature. 


H. R. Searing: One discussor asked the question about the 
paragraph ''the oil core of the phase to be repaired was connected 
at the end of the section remote from the feeding reservoirs," 
and so forth. 


There wasn’t any joint opened. The connections were made 
at the stop joint. When we speak of the end of the section, 
we mean the far end, down at the stop so that the oil flows down 
hill on a good phase and back up the hill to the point where the 
repair is made. 
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If we assume perfect impregnation it may be shown that 
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I wanted to bring out & point that has been overlooked in the 
paper, that is, that the New York line, for instance, has a 
capacity effect amounting to about 29,000-kv-a., and I wanted 
to tell what that does to a central station system. 

Naturally the major effect would be noticed at times of lightest 
load. It isn’t predominant on the peak. These figures are 
for 4:00 &. m. in the winter when there isn't the ice-manufacturing 
load that we have in the summer. With a system load of 75,000 
kw. before cutting the line in, the system power factor is 70 per 
cent, and after cutting in the line it goes to 80 per cent. The 
operating man will appreciate what that means on station 
economies. "Thatisonly one line. 

What is going to be the result if you have ten lines such as 
that? 

The second thing to point out is that with a nominal bus 
voltage of 13,800, if on eutting the line in you don't at the same 
time run the field rheostats down, the voltage at this time of 
morning goes to 14,600, and in cutting the line out from a nominal 
bus of 13,800 the voltage drops to 12,900. Voltage regulation 
of that character isn’t a pleasant thing to deal with. 

W. N. Eddy (communicated after adjournment): Through- 
out Mr. Emanueli’s explanation of the formation of the gas 
bubbles and films in high-tension insulation, no mention is 
found of the influence of pressure on the solubility of gases in 
the impregnating oil. It seems as though this should form an 
essential part of such a discussion because as long as the air 
content of the insulation is in solution it is harmless. For 
instance his second reason for the presence of gas films—that 
the insulating compound carries in solution a great volunie of gas, 
part of which is set free while the compound is passing through 
the paper during impregnation—is extremely difficult to accept. 
Instead, it seems more reasonable and in better agreement with 
experimental results to consider that when the impregnating 
compound first fills the paper, its gas content is all in solution, 
that no gas separates out until the local pressure is reduced by 
the formation of contraction voids. It is also indicated by 
results of experimental investigation that a proper impregnating 
procedure will keep the air content of the paper and compound 
sufficiently low so that it is not primarily responsible for the 
formation of bubbles or voids in the insulation. 

The development of the oil-filled cable is further evidence 
that the quality of impregnated paper insulation is not yet 
limited by the type of materials in use. In attempting to 
determine how far distant such limits are, it is of interest to 
consider the dielectric strength of miniature units of the insula- 
tion in sheet form submerged in excess compound, as they 
provide maximum freedoin of compound movement and there- 
fore approach what is probably the ultimate quality obtainable 
with the materials in question. It is encouraging to note that 
three layers of low-air-resistanee paper can be saturated in this 
form so that they will withstand without failure or any indication - 
of deterioration, a stress of 750 volts per mil for over 18 months, 
even using compounds no thinner than a heavy cylinder oil. 

Both Mr. Clark and Mr. Emanueli mention that while the oil 
filling does not change the short-time breakdown, it greatly 
improves the life of the insulation. The following test results 
(Table I) confirm this in indicating that sheet samples of insula- 
tion of the form above referred to, show considerable improve- 
ment in short-time breakdown over typical cable insulation but 
a still greater improvement in life. The figures given for cable 
insulation are believed representative of the best cables of the 
usual type now being manufactured. 


TABLE I 
3-conductor cable short time breakdown... .407 volts per mil - 
life at 75 per cent (305 volts per mil)...... 0.7 hr. 
1-conductor cable short time breakdown... .480 volts per mil 
life at 75 per cent (360 volts per mil)...... 5. hr. 
sheet insulation short time breakdown. . . 1000 volts per mil 
life at 75 per cent (750 volts per mil)...... 1% years 
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It is also interesting to note that when this sheet insulation 
is purposely saturated so as to include bubbles of air, its dielectric 
strength is reduced 50 per cent, to nearly that of single-conductor 
cable insulation, while the strength of the separate paper sheets 
is unaffected, remaining slightly less than the cable insulation. 


TABLE II 
Short-Time Breakdown in Volts/ Mil 


Air Pressure above com-| Complete Sample of Separate 

pound during Saturation 3 Layers Layers 
228. Cm. 590 382 
0.02 1016 381 


. In general the quality of the sheet form of insulation mentioned 
above is believed to indicate that considerable improvement in 
impregnated paper insulation can yet be expected before the 
quality of such insulation will be limited by the type of material 
in present use. . 

Philip Torchio: Before answering the questions raised in 
the discussion, it is here reeorded that the lines have continued 
in service to date (December 30) without any electrical failure 
in eables or joints. 

Mr. Wallau has remarked that in dealing with the economie 
aspects of this development, figures of costs were omitted. The 
total cost for the New York 12-mi. installation when completed: 
for 98,000 kv-a. will be $4,100,000, or $3.50 per kv-a-mi. The 
eorresponding eost of a 66,000-volt line for 35,000 kv-a. would 
be $2,200,000, or $5.25 per kv-a-mi. 

The total of $4,100,000 ineludes $950,000 in spare duets 
and two terminal buildings, and testing equipment also available 
for future installations and other uses. The receiving end has 
double transformation and switches for 45,000 and 13,200 volts. 
Again, the cable obtained from Milan and the accessories, of 
entirely new and experimental design, built by Pirelli, had to 
bear oversea transportation and 35 per cent to 40 per cent 
import duty. In any future installations all material would be 
manufactured here, and, in addition, the heavy costs of experi- 
ment, research, and development in the factory, and of such 
extensive technical and research investigations in the field, 
will not be duplicated. 

Any eomparison of eost must, of eourse, take into aecount 
the wide differences in local conditions—especially those affecting 
subway costs, such as surface and subsurface conditions (which 
conditions undoubtedly greatly influence the comparison between 
Mr. Wallau’s figures and these)—and savings in substation 
costs, synchronous condensers, transmission and transformation 
losses, ete., which also vary locally. 

The increment cost for an additional feeder would be $1.98 
per kv-a-mi. for 132 kv. and $3.00 per kv-a-mi. for 66 kv. All 
these figures indieate an outstanding economie saving for the 
132-kv. cable line. 

Even these relative comparisons are only approximately true, 
as the oil-filled cable can safely carry higher overloads and also 
is more serviceable in operation because a defective sheath will 
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give à warning long before failure, while in solid-insulation cable 
it manifests itself by sudden electrical failure. These features 
may prove to be of definite economic value in enabling one to 
install considerably less reserve cable capacity than it is now 
safe to provide in installations using solid-insulation cable. 

In New York, a most important consideration was that we 
should be in a position to receive into the city, when available, 
considerable amounts of bulk power delivered at high voltage 
from future water-power developments. The practical solution 
of this problem was felt to justify the advance investment in 
a line having a capacity three times larger than required in the 
very immediate future. 

Our experience so far seems to point to the achievement of 
a new standard in cable operation, indicating the probability 
that such cable will have a reliability superior to any of the 
cables for lower voltages with which we have been familiar. 

It is gratifying to report such satisfactory and epoch-making 
results, and to express due appreciation of the vital contribution 
made by the manufacturers and their engineers. 

A. H. Kehoe: Mr. Torchio will supply the cost data for the 
Now York installation in his closing written discussion. How- 
ever, I should like to report that while the investments exceeded 
the minimum estimates, due to charges for supervision and some 
special unforeseen equipment, these did not cause our costs to be 
increased excessively. I believe that with future lines the costs 
will be sealed down so that even our early estimates will be 
materially reduced. 

D. W. Roper: To give an idea of the complexity of the work 
involved in evacuating and impregnating the line after all the 
joints are first made up in a preliminary way and after the first 
section is installed so you then have all processes in progress in 
the various sections, the maximum number occurs during the 
evacuating and impregnating process. That takes something 
like four or five days and is a continuous process 24 hr. per day. 
The maximum number of men employed on the line in Chicago 
occurred when this evacuating and impregnating process was 
in progress on one section, and other portions of the work were in 


progress on several other sections, at which time the number of 


men was 125. This included about forty engaged on pumping 
operations and the representatives of manufacturers. 

The total cost of the Chicago line including the conduit, the 
cable, the terminal towers, the intermediate towers for the oil 
reservoirs, the Kenotron testing outfit, and a reasonable propor- 
tion of the transformers and the terminals at the Northwest 
station, was $1,250,000. 

There have been no electrical failures whatever in either the 
eable or the joints in New York or Chicago. The troubles have 
all been confined to oil leaks. 


W. S. Clark: The reason there was such a large supervision 
on the part of the manufacturers’ engineers in the installation of 
this cable was that the manufacturers’ engineers were more 
familiar with this new type of cable than were the utilities’ 
engineers. If the installation were repeated in New York or 
Chicago, the amount of supervision by the manufacturers 
would be negligible. 


Illinois Central Suburban Service’ 


First Year of Electric Operation in Chicago 
BY W. M. VANDERSLUIS: 


Associate, A. I. E. E. 


Synopsis.—T his paper gives operating records of the first year 
of electrical operation of the suburban service of the Illinois Central 
Railroad. It shows monthly curves of load, kw-hr. per car-mile, 
mazimum demand, load factor, and temperature. It also shows 


STEAM OPERATION 


N July 21, 1856, the Illinois Central Railroad 
started suburban service in Chicago by running 
four trains each way between down-town Chicago 

and Hyde Park. It is recorded that the first train to 
Hyde Park did not carry a single paid passenger. 

This service was gradually extended until, in July 
of 1926, there were in regular operation on each normal 
week day, a total of 398 trains with service extended to 
'" Matteon on the South, to South Chicago on the South 
Chicago Branch, and to Blue Island on the Blue Island 
Branch. In the year 1925, this steam service carried a 
total of 24,000,000 paid passengers. Approximately 
285 coaches, mostly of wood construction and with an 
average seating capacity of 56 persons, were used in this 
service. About 60 locomotives were necessary for the 
daily operation. 


ELECTRIC OPERATION 


Electric operation for the suburban service has been 
` agitated for years by various civic bodies, and the first 
formal report on feasibility and costs was made in 
November, 1909. This was followed by several other 
investigations and reports, but the railroad did not agree 
to the project until the passage of the so-called Lake 
Front Ordinance in 1919. This provided that the 
suburban service should be completely electrified by 
February 20, 1927. The commitment of the Illinois 
Central to electrify its tracks in the City of Chicago was 
a part of its general agreement with the City of Chicago, 
the South Park Commissioners and the War Depart- 
ment, covering riparian rights, changes in grades to 
permit of easy access to the lake front, and changes in 
property ownership. 

On July 21, 1926, exactly 70 years after the first 
steam service was started, three electric trains were 
operated each way in the local service between 
Randolph Street and Hyde Park. It will be noted 
that the electric service was started seven months 
before the time called for in the Lake Front Ordinance. 
The second week 80 trains were operated each day 


*For description of Illinois Central Suburban Electrification, 
see Journal of Western Society of Engineers, March, 1926, Vol. 
31, No. 3. General Electric Review, April, 1927, Vol. 30, No. 4. 

1. Electrical Engineer, Illinois Central Railroad, Chicago, Ill. 

Presented at the Regional Meeting of District No. 5 of the 
A. I. E. E., Chicago, IU., Nov. 28-30, 1927. 


monthly curves for the last four years of passengers, car-miles, 
seat-miles, and. operating income. The improvements in service 


are enumerated and the general results at this date are discussed. 
* * * * * 


and in the period of about five weeks, theelectric service 
was built up to a total of over 350 trains. These were 
all operated, of course, on the existing steam time-table, 
as there was still a considerable number of steam trains 
in the service. 

The first electric time-table was put into effect on 
August 28th, with a total of 396 revenue trains. On 
account of a shortage of new equipment it was still 
necessary to run six trains by steam, but these were 
confined so far as possible to those carrying shop 
employes. 

To-day, 470 revenue trains are being operated on a 
normal week day. In addition there are 14 equip- 
ment trains and 72 Chicago, South Shore, and South 
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Fig. 1—Orrrating Curves BEFORE AND AFTER STARTING 
ELEcTRIC OPERATION ON ILLINOIS CENTRAL RAILROAD 


These curves show the number of revenue passengers per month, 
car-miles per month, hundreds of seat-miles per month, and ae of 
week-day trains per day 


Bend trains, the latter being operated between Kensing- 
ton and Randolph Street. This is a total of 556 electric 
trains. 

Electric service was put into effect without any 
serious accidents or interruptions and has so continued 
during the first year. 

Due to the fact that all of the motor-trailer car units 
are uniform in design and in operating characteristics, 
the preparation of time-tables, and the handling of 
equipment at terminal points has been greatly 
simplified. 

Fig. 1 shows by months the revenue passengers 
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carried, car-miles and seat-miles operated, and the week 
day trains in service. 
IMPROVEMENT IN SERVICE 
Of particular interest is the improvement in running 
times due to electric operation. The latest electric 
time-table shows decrease in running times over the 


old steam service of from 11 to 28 per cent for the 


various classes of trains, the larger percentages resulting 
for trains to Kensington and beyond. The decrease 
in over-all time results from high maximum speeds and 
by the use of high accelerating and braking rates. 
Acceleration is at the rate of 114 mi. per hr. per sec., 
which is about six times as rapid as that of through 
passenger steam trains. Under normal operation, a 


train will reach a speed of 28 mi. an hr. in 20 sec.. 


After that point, the rate of acceleration falls off but on 
level tangent track a train will reach a speed of 50 mi. 
per. hr. in two minutes. With present average voltage 
conditions, balancing speed is about 64 mi. per hr. Al- 
though comparatively high braking rates have been 
accomplished on the steam trains, these also have been 
increased so that electric trains brake at the rate of 134 
mi. per hr. per sec. It is significant that large decreases 
have been made in running times even on runs where 
more stops are made than formerly. 

There has been a large gain in electric operation as 
compared with steam operation from the stand-point 
of operating a congested terminal. This improvement 
will become of greater importance as the service grows, 
inasmuch as under steam operation the limit to the 
number of trains physically possible to move in or out 
of the Randolph Street Terminal was rapidly being 
approached. It is readily apparent that this gain is 
made by the elimination of movements necessary for 
steam engines in changing ends of trains, and also in 
being brought from and taken to the engine terminal, 
since these movements must be made over the tracks 
serving useful train movements. The electric train 
requires only the normal loaded movements over these 
busy sections, except when brought from or taken to 
storage tracks at the beginning or end of rush hours. 

The speed and reliability of electric service has been 
further enhanced by other improvements of the entire 
terminal. These include changes in the grades, rear- 
rangement of tracks, elimination of railroad grade 
crossings, installation of high platforms at all suburban 
stations, installment of additional interlocking plants, 
and rebuilding of the entire automatic block system 
to conform to electric traction requirements, a great 
part of which had been completed at the time of begin- 
ning electric operation. 

EQUIPMENT 

The results obtained from the motor-trailer combina- 
tion have been satisfactory to the operating officers. 
The elimination of all steps on the cars for regular 
operation which requires high platforms, the use of 
sliding doors, fully enclosed vestibules, tight lock 
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couplers, automatic acceleration, and electropneumatie 
braking have all tended to increased convenience of the 
passengers and to safety and speed of operation. 

The employment of a large amount of aluminum or 
aluminum alloys in side and roof sheets, doors, conduit, 
and fittings has materially reduced the weight of the 
cars and, thereby, the operating expense. 

For the year ending September 1, 1927, the average 
cost for maintaining the cars has been about six cents 
per car-mile. The weight of the motor car is 70.65 
tons and the trailer 44.27 tons—an average weight per 
car of 57.46 tons. 

Delays due to electrical equipment have been very 
few and no radical changes in design have been found 
necessary. Minor changes incident to new designs 
have been made, but at very slight expense. 

Fig. 2 shows the kw-hr. per car mile with 
corresponding average temperatures. Electric heating 
of ears is, of course, largely responsible for the varia- 
tion between the different months, but changes in 
time-table also affect it slightly. 
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Fig. 2—Curves SHOWING MowTHLY OrEsRA1ING RECORDS 


Wiru ELECTRIC Service (TEMP. IN DEG. FAHR.) 


These curves show monthly averages of temperature and kw-hr. per 
car-mile, monthly load factor, and monthly maximum demand. 


PowER SUPPLY 


For the year ending September 1, 1927 the total 
energy supplied under the contract with the Common- 
wealth Edison Company was 57,274,512 kw-hr. Of 
this, 92.7 per cent was for traction purposes including 
heating of cars, 6.1 per cent for light and power, and 
1.2 per cent for signals. 

Fig. 2 also shows the maximum demands by months 
and the variation with the temperature. 

The contract provided that the railroad company 
guarantee a 30 per cent load factor. Fig. 2 shows 
the variation in the load factor. It will be noted that 
it is well above the guarantee. 

Fig. 3 shows typical summer and winter week day 
load curves. 

The supply of energy by the power company in 
specified feeders to the right-of-way line of the railroad 
company from the seven substations has been looked 
upon from some quarters with misgivings. 'This requires 
that not only the conversion machinery but all pro- 
tective apparatus in the railroad company's feeders be 
maintained by the power company. The railroad 
company, however, has taken over, under normal 
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operation, the control of all traction feeders by use of 
its supervisory control system. | 

So far the results obtained have been satisfactory 
with the power company's broad-minded policy in 
operating under the necessarily somewhat compli- 
cated agreement. 

Diserimination of the high-speed circuit breakers 
has been excellent. The overhead network on a multi- 
ple track railroad such as this installation covers is 
complex due to a necessity, in case of a fault, of having 
a minimum amount of track out of service. Isolation of 
individual sections in ease of trouble has come up to 
expectations with very good protection to line and 
equipment. Furthermore, the power supervisor con- 
troling the traction feeders has immediate informa- 
tion as to opening of breakers. He is located in the 
office of the train dispatcher, so that by working close 
together, trouble from a train going from a live to a 
grounded dead section has been minimized. The use 
of wayside signals indicating a dead trolley section at 
points where the sectioning is outside the limits of 
interlocking plants has also saved burn-outs of overhead. 

The cold weather of the first winter indicated that a 
few minor changes, especially in pull-offs, were desir- 
able. The delays which have occurred, however, have 
been small considering the size of the installation and 
the number of trains operated. 


GENERAL RESULTS 


As indicated on Fig. 1, it is apparent that the travel- 
ing public will use a clean, fast, and reliable transporta- 
tion system. The off-peak business has increased 
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Fig. 3—Typican SUMMER AND WINTER WEEK-Day Loap 
CURVES AND TEMPERATURES 


^" Full lines are for typical summer day, July 27, 1927 (time table No. 5). 
Dotted lines are for typical winter week-day curve, January 25, 1927 
(time table No. 4). 


materially, which, of course, is the most satisfactory 
business to have. 

As announced in the newspapers recently, the 
operating income is now on the right side with an 
indicated profit of about $530,000 for the year 1927 as 
against a loss for the year 1926 although the electric 
service was in operation four complete months during 
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that year. It is pointed out, however, that 
these figures do not take into account any in- 
vestment in road and equipment. In providing 
the electrified service the railroad spent ten and one- 
half millions of dollars for new equipment, about four 
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Fig. 4—Curves SHowine, Montsty NET OPERATING lNCOME 
AND NUMBER or PassENGERS CARRIED PER MONTH 
Figures for Illinois Central suburban service including Chicago, South 


Shore, and South Bend Railroads 


millions for electrical work, including overhead, switch- 
ing equipment, return system and miscellaneous, and 
about nine and a half millions for rearrangement of 
old tracks, new track and station facilities and separa- 
tion of grades, or a total of twenty-four millions in 
improvements only. An additional twenty millions 
of dollars was spent in the rearrangement of the termi- 
nal facilities for the whole electrification project. 


Fig. 4 shows the relation between operating income 
and passengers carried for the three and one-half years. 


Discussion 


A. M. Garrett: I want to mention the operation of the high- 
speed breakers which are installed upon the feeders. 

For a short time after the electric railway system was placed 
in service, we experienced as many as 400 to 500 openings per 
month of the feeder breakers in & substation. During this 
period none of the breakers in any of the substations failed to 
operate properly, which shows exceptionally good performance. 

A. J. Klatte: The achievement that the Illinois Central has 
made in turning & loss to & profit is the most outstanding fea- 
ture of the entire year's efforts. 

A remarkable feature of the whole thing is the frankness of the 
details of the contract between the Illinois Central and the power 
distributing company here in Chicago. The statement that the 
power company met all of the Illinois Central’s difficulties of 
operation and cooperated fully, is heartily endorsed by the 
experience we have had here in Chicago. 

To my surprise instead of losing revenue as a result of this 
electrification, the Chicago surface lines have had an increase 
in the number of revenue passengers on every line adjacent to 
or crossing the Illinois Central. 

Sidney Withington: (communicated after adjournment) 
The figures indicating approximately 4.6 to 6.4 kw-hr. per car- 
mile are among those which are of especial interest. It is under- 
stood, however, that they represent power measured at the sub- 
stations, and therefore include distribution losses. It would be of 
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interest to have the power consumption measured at the panto- 
graph. The seasonal variation is of course a function of journal 
friction as well as of car heating. The power consumption figures 
on the New Haven are presented herewith by months, and run 
from approximately 4.0 to 5.7 kw-hr. per car-mile measured at the 
pantograph on the a-c. zone. Adding, however, transmission 
and distribution losses, these figures would be about 4.2 to 6.0 
respectively. It is of course true that the power consumption 
is a function of frequency of stops, rate of acceleration, as well as 
weight of cars, grades, etc., and no comparison should be made 
without taking these conditions into consideration. 
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The power curves which Mr. Vandersluis presents indicate 
clearly the advantages which would accrue if electrification 
included yard switching and freight and through-passenger 
operation in addition to suburban service. The valleys during 
the middle of the day and at night would be largely filled up, and 
the load factor correspondingly improved. A typical daily load 
curve for winter and summer on the ‘‘New Haven” is presented 
herewith as a comparison. The load factor improvements, of 
course, would apply not only to power supply but also to sub- 
stations and distribution facilities, and these improvements 
obviously would make an important difference in the capital or 
overhead and other fixed charges. 
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The cost of maintenance per car-mile of 6 cents may be com- 
pared with a cost on the New Haven of approximately 4.5 cents, 
which includes complication caused by dual a-c./d-c. apparatus, 
a feature of New Haven equipment on account of operation over 
the third rail of the New York Central tracks. It is possible 
that the Illinois Central figures include items not included in the 
New Haven figures. It seems probable that the first year of 
operation would provide somewhat less maintenance costs than 
subsequent operation as the cars grow older and more replace- 
ments are required on account of wear. On the other hand, 
there may be some extra expense during the first year’s operation 
on account of a new organization or in correcting minor defects. 

A comparison of ratio of weight and nominal hp. of the 
motor cars and trailers is of interest. The normal two-car 
operation of the Illinois Central with 71 tons on the motor car 
and 44 on the trailer gives a total of 114 tons per pair of cars. 
This, correlated with the nominal horse power of the four motors 
at 250 hp. (it is presumed this is continuous rating) gives a 
figure of .114 tons per hp. The New Haven multiple-unit cars 
operated nominally with one motor car at 88 tons to two trailers 
at 52 tons each, comprise a combined weight for the three cars 
of 192 tons. The nominal continuous rated capacity of New 
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Haven motors is 150 hp., and the aggregate motor capacity for 
each three ears is therefore 600 hp. The ratio of weight to rated 
hp. is therefore 0.32, or about three times that on the Illinois 
Central. It is true that on aecount of make-up of trains it 1s 
not possible on the New Haven always to operate on a ratio of 
one motor ear to two trailers, but the aetual operation is not far 
from this figure. 

The above comparison, of course, does not by any means 
necessarily represent actual load conditions on the motors, as 
the load depends on the frequency of stops, rate of acceleration 
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(relatively high on the Illinois Central), speed, grades, and many 
other factors which can be considered only in a lengthy analysis. 
The figure of $4,000,000 for electrical work, including over- 
head, switching equipment, bonding, ete., but presumably not 
including substations, seems somewhat high, but itis understood to 
include a number of facilities which are designed for the ultimate . 
electrification and a number of items not directly chargeable to 
electrification, such as signal and station lighting facilities, and 
it is thus hardly fair to consider it as a figure for ‘‘electrification” 
or to assume the fixed charges as a burden on the electrification. 

It is emphasized that the returns on any given electrification 
project are largely dependent upon the ‘‘factor of use" or load 
factor of each item, not only of power supply, but of transmission 
facilities, substations, distribution system, etc.; and the full 
benefit cannot usually be realized until all classes of service on 
a given project are electrically operated. When this occurs on 
the Illinois Central, it seems entirely likely that the returns will 
more than pay the fixed charges on the installation. 

It is hoped that Mr. Vandersluis’ presentation will stimulate 
other railroads to present operating figures for comparison, 
although it must be constantly kept in mind that a great deal of 
careful analysis is necessary in utilizing such figures to insure 
that they are on a strictly comparable basis. 
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W. M. Vandersluis: In connection with Mr. Klatte's 
remarks, I wish to emphasize the fact that while the operating 
revenue has increased, yet the Illinois Central is a long way from 
making any money on account of the electrification of its subur- 
ban service. The operating accounts do not include any interest 
on the investment. 

Mr. Withington compares the tons per hp. of the New Haven 
equipment with the Illinois Central, using the 250-hp. nominal 
rating of the motors as the continuous rating. The figure of 
250-hp. per motor is the one-hour rating. The ratio of weight 
to rated hp. is 0.1675 instead of 0.1140 mentioned by Mr. 
Withington. 
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120- Ton Storage-Battery Locomotive 
Performance in Chicago Terminal Freight Yards 
| BY EDWARD TAYLOR: 


Synopsis.—This paper describes the design and performance 
of a 120-ton storage-battery-driven locomotive which has been 


- in switching service in the freight yards of the Chicago railroad 


l RP yard switching in metropolitan areas 


involves problems and limitations not met with 

in less densely settled districts. In Chicago it 

has seemed desirable to lessen the smoke produced in 

these yards and electrification of the tracks in the yards 

has been suggested as a remedy.. Complete electrifica- 

tion however presents many difficulties, both physical 
and economic. 

After considerable study it appeared that a combina- 


tion system of electrification of some of the tracks and. 


use of storage-battery-operated locomotives would go 
far to solve this problem. It was therefore decided to 
design and construct a storage-battery yard-switching 
locomotive and to test it under operating conditions 


. In order to determine its practical and economic 


possibilities. 
This locomotive has now been in service over a year 


Fic. 1—SToRAGE-BATTERY LOCOMOTIVE 


in several switching yards in Chicago. Its performance 
records, which are reported in this paper, show that it 
has many advantages. A summary of the results of 
the tests is as follows: | 


I. With one charge (616 kw-hr. capacity) 
will do the following: 


(a) Make 840 runs of 0.119 mi. including accelera- 
tion, with atrailing load of 306 tons, (561-toncars) atan 
average speed of 5.4 mi. per hr. over a period of 12.5 
hr., which allows 60 per cent for actual running time. 
See Fig. 7. 

(b) Haul a 306-ton trailing train (5 61-ton cars) 
14 mi. including acceleration, and make 101 such moves 
at a balanced speed of 17 mi. per hr. 

(c) Haul a 500-ton train (8 6214-ton cars) at 16 mi. 
. 1. General Electric Co., Chicago, Ill. 


Presented at Regional Meeting of District No. 5 of the A. I. E. E., 
Chicago; IU., Nov. 28-30, 1927. I p 


terminals. It shows that this locomotive has many advantages for 
this service including absence of smoke, quietness, a high factor of 
availability, ease of control, and economy. 


per hr., taking 6 Ib. per ton for traction, at an hourly 
output from the battery of 147 kw-hr., and will con- 
tinue to haul it for 4.2 hr.; or it will haul the 500- 
ton trailing train for 67 mi., or 38,500 trailing ton- 
miles. 


(d) It ean do 12 hr. of the. average yard-switching 
service of all the railroads in Chicago on one charge and 
ean be recharged in six hours. This locomotive is 
equipped with a socket for charging from central 
station off-peak power at relatively cheap rates. 


II. It can exert a tractive effort of 60,000 Ib. at 
3 mi. per hr. It is controlled handily and smoothly, 
has a high factor of availability, requiring a minimum 
of time for getting ready, and a minimum of attention 
when not operating. 


III. It can readily be equipped with a 25- 
or 60-cycle motor coupled to the present generator, 
and in connection with a pantograph, collect its. re- 
placing charge if desired from a simple trolley carried 
over a convenient track and thereby be available for 


service 24 hr. a day. 


IV. It operates quietly, without smoke, noxious 
gases, or steam and is a handy tool for the work of 
terminal switching and sounds a new note in motive 
power for congested terminals. 


V. Its operation is more economical than steam and 
it may be a preliminary step to a progressive electri- 
fication if desired. 


Yard-switching data which could be used in de- 
signing the locomotive were somewhat meager and 
conflicting as would be expected from the radical 
differences in operating conditions in the various 
yards. 'The following, however, represent average 
typical switching conditions with steam locomotives 
in the Chicago yards. These data are given in the 
Smoke Abatement Report of the City of Chicago. 


..425 tons 
. 628 ft. 


Average weight train inel. locomotives. . 
. length all switehing moves. 
E distance traveled by locomotive í in one 


Sehr. shifti s.4 oo oes 6 pa tok eao 26 mi. 
/* speed while in motion.................5.4 mi. per hr. 
Y ton-mi. for steam locomotive on usual l 
two 8-hr. shifts per day............. 22,000 ton-mi. 
Proportion of time in motion while assigned: .... 60% 
Coal consumed per br.............. 2.000 eee 0.37 tons 


After considering all available data a locomotive 
was built with the following specifications: 
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GENERAL DESORIPTION STORAGE-BATTERY LOCOMOTIVE 


NO. 10036 
Dimensions: Ft. In. 
Total heighib.sisenvi denuo rop b dames 14 615 
Width over rain guard..................... 10 3 
Width over grab handles................... 10 7 9$ 
Length over sill...................... sees. 49 0% 
Truck eenters............... cee ee eee 31 0 
Length over face of couplers................ 52 0 
Rigid wheel base.............0 cece eee eees 8 0 
Weight: 
Locomotive eomplete................ uses. 237,000 lb. 
Storage Battery...............eeeeee eene 78,960 lb. 
Performance: 
Tractive effort 6 mi. per hr................ 39,200 lb. 

“ Sc o e E ON cess oN 14,700 lb. 
Locomotive horse power.................. 800 hp. 
Maximum tractive effort at 30% coefficient of 

adhesions ved rre dae Sab egos 71,000 lb. 
Maximum speed, light..................... 30 mi. per hr. 

Equipment: 


4 GE-287 motors, 200 hp. at 300 volts each, with forced 

ventilation, gear reduction 66/16; 39 in. wheels. 

1 Winton gas engine, Model 106-A-220 hp. 1000 rev. per min., 
6-cylinder, 714 by 8 in. cylinders, direct-connected to 
DT-509-A 135-kw. shunt-wound 230-volt generator. Radi- 
ator for engine is blown. Capacity of gas tank 150 gal. 

1 Storage battery ‘‘Exide Ironclad’’—120 cells FL-31, 2700 
ampere-hr. capacity at 230 volts, or 616 kw-hr. 

1 PCL eontrol—20 points, including tap field. 

1 CP-26, 100-cu. ft. compressor. Straight and automatic 

air brakes. 

ARA draft gear with 5 by 7-in. shank. 


The battery chosen for this locomotive is of a type 
developed for submarine service where the highest 
quality is essential. This type was selected after an 
extended investigation had proved that this type was 
best suited for the kind of operation for which this 
locomotive was designed. A battery with low internal 
resistance is desirable, permitting high discharge with 
low drop in voltage, because a locomotive of this type 
is inherently a heavy-duty low-load-factor machine. 

The characteristics of the battery, motors, charging 
generator, and entire locomotive are given in Figs. 2 
to 7. 


The battery consists of 120 cells having a tota 
weight of 40 tons. This weight is placed half on each 
of the two locomotive trucks, and as as every locomo- 
tive wheel is a driver it might be said that the loco- 
motive tender has been placed on the drivers. In 
contrasting this tender with that of a steam locomotive, 
a very great difference is evident, for whereas the coal 
for the steam locomotive must be fired to generate 
steam for the cylinders, the power from the electric 
tender is available to the traction motors instantly 
and in such quantities as is required by the work. 
The normal battery rating is 450 amperes for 6 hr. 
Due to the high-discharge-rate charaeteristies of this 
battery a current of 28 times this amount can be drawn 
from the battery for short periods. 'The weight of 
batteries on drivers, giving greater than normal track 
adhesion, can be utilized thus for occasionally doing 
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work which would be beyond the normal rating of this 
locomotive. 
A storage battery may be considered a potential 
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Fig. 2—CHARACTERISTIC CURVES OF STORAGE BATTERY 
AND GENERATOR 
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Fig. 3—APPnoxiMATE EFFICIENCY OF BATTERY AND Kw-Hr. 


CAPACITY AT VARIOUS RATES OF DISCHARGE 


The efficiency is at the battery terminals and is the ratio of kw-hr. 
output to kw-hr. input. It is based on: (a) charging the battery in 
approximately 6 hr., (b) discharging intermittently so that its full ampere- 
hr. capacity is utilized 


MILES PER HOUR 
e x 
POUNDS TRACTIVE EFFORT 


co 


400 800 
AMPERES 
Fig. 4—CHARACTERISTIC OF Motor USED on LOCOMOTIVE 
Operated at 225 volts. Gear, 66 teeth. Pionion, 16 teeth. Wheel 
diameter 39 in. 


source of power containing a very definite amount of 
energy, in this case 616 kw-hr. or 821 hp-hr. This 
power is available for use at any instant, at any rate 
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from 100 amperes which could be used continuously 
for 27 hr., to 6000 amperes for short-time operation. 
In order to get the best service from a battery loco- 
motive its characteristics should be taken advantage 


| VÀ | Parallel FS-2 
LAZEE 
BES Series Parallel FS-1 
PARSE 
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16 
MILES PER HOUR 


20,000 


POUNDS TOTAL TRACTIVE EFFORT 


Fic. 5—TractTivE EFFORT DEVELOPED BY STORAGE-BATTERY 


LocoMOTIVE 


of; that is, its assignments should be of such a nature 
that the average work to be done, including all heavy 
drags and all stops, allows the batteries to hold up fora 


AVERAGE | WEIGHT OF CARS. IN TONS 
ACE 


TOTAL TRAIN WEIGHT — TONS 


0 
8 12 16 20 2 
BALANCED SPEED IN MILES PER HOUR ON TANGENT LEVEL TRACK 


o Oo HO OS eo 
2428329888 28 888 


MILES ON ONE BATTERY CHARGE WITH GAS ENGINE GENERATOR 
RUNNING 


Fic. 6—PERFORMANCE OF STORAGE BATTERY LOCOMOTIVE ON 


CONTINUOUS FREIGHT-TRAIN RUNS 


Train resistance assumed to be as shown in Bulletin No. 43 of the Uni- 
versity of Illinois Experimental Station (Professor Schmidt). Locomotive 
operating in full parallel position with shunted fleld and with gas-engine 
generator in parallel with battery 


reasonable length of time. For instance with the 
present battery on a 16-hr. job the average rate of 
work should not exceed 38 kw-hr. per hour, and on 
an 8-hr. job should not exceed 77 kw-hr. per hour 
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unless means are provided for recharging the batteries 
while working. 

As between batteries of the same construction the life 
of each depends primarily upon time and temperature. 
That is, a battery which is used within its discharge 
rating and thereby is not allowed to attain too high 
a temperature, will have a much longer life than one 
which is habitually overloaded. The battery on this 
locomotive is large enough for the other equipment 
so that in the service for which the locomotive was 
designed it is operated well within its rating. There- 
fore, it is expected to give more than the four years 
service nominally considered its life. 

Each of the 120 cells in this battery consists of a 
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Fig. 7—CHARACTERISTIC CURVES OF AVERAGE RUN IN YARD- 


SWITHCING SERVICE IN CHICAGO TERMINALS 


These curves correspond to the average run as shown in Table I. 

The 120-ton storage battery will haul this average trailing load the same 
distance with the same average running speed as the steam locomotive, and, 
providing its running time is 60 per cent of the total time, will continue 
to do this service for 12.5 hr. on one battery discharge, without use of 
auxiliary gas engine, making a total of 340 runs. 

To do this requires that each run be of the character shown by the 
speed-time curve above. The initial rate of acceleration is 1.0 ml. per hr. 
per sec., corresponding to 19 per cent adhesion and 860 amperes per motor 
during the period of notching up the controller. Power is shut off at 8.4 
mi. per hr. and the train coasts down to 3.3 mi. per hr., with a retardation 
rate of 0.08 mi. per hr. per sec., after which the train is braked to a stop at 
the rate of 0.87 mi. per hr. per sec. Total time of run 79.3 sec., distance 
covered 0.119 mi., average speed 5.4 mi. per hr., trailing load 306 tons, 
total load 426 tons. 

It is anticipated that under service conditions less coasting and a lower 
initial rate of acceleration will be desirable, giving the same average running 
speed. This will require more power for each typical run and the time of 
operation for one battery discharge may be brought down to 8 hr., with a 
total of 218 runs. 


rubber jar containing the plates and electrolyte. 
Each jar rests in a wooden tray as high as the cell 
itself and provided with crane eyes for hoisting the cell 
from its main compartment in the locomotive. Each 
jar is insulated from each adjacent one and from the 
compartment floor with porcelain insulators. To 
replace a cell it is necessary only to unbolt the copper 
connection straps and raise the cell. 


About once a month replenishing water is needed to 
compensate for evaporation. Ordinary hydrant water 
is used for this purpose. This filling and an occasional 
overcharge to equalize the condition of the cells are 
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all the attention which the battery requires. This is 
the extent of work done on the locomotive storage 
batteries during eight months of switching service on 
six Chicago railroads. 

Operators are at times reluctant to use a storage 
battery for heavy haulage work as many features of its 
operation and costs are not fully understood. Steam 
railroads, however, should not be deterred from apply- 
ing it as they are large users of batteries for car lighting, 
signal, and other purposes. 


Different railroad terminals will have local limita- 
tions, restricting their choice of motive power over a 
wide range; for instance, the yards operated in these 
tests varied over 20 to 120 kw-hr. per hr. and length 
of duty from one 8-hr. shift to two 8-hr. shifts as neces- 
sary, and it appeared desirable to have continuous 
24-hr. operation per day in service. This last is only 
possible where there is some overhead or third-rail 
contact. 

SERVICE RECORDS 


This storage-battery locomotive, fully equipped 
with instruments, was completed on October 26, 1926, 
and run to Chicago on its own power hauling a 60-ton 
coach at a mean speed of 32 mi. per hr. On arriving 
in Chicago it was turned over in turn to each of six 
of the class “I” roads for service tests and trials, dis- 
placing in each case the usual steam locomotive. No 
restrictions were placed on its service except to point 
out that it was a switcher rather than a road locomotive. 

On account of the various types of locomotives used 
and the methods of operating the locomotives, it 
seemed advisable to investigate several systems so 
that a fair mean duty could be arrived at, and the 
following tabulations are the results of service opera- 
tion under the wide variety of conditions that exist in 
the different yards. | 


OPERATION IN WooD STREET YARDS 


While this locomotive was in service in October and 
November 1926 in the Wood Street yards, it was 
assigned to the various jobs ordinarily performed 


Av. kw. used | Av. mi. per 


by loco. hr. during 
during wkg. wkg. hrs. 
hrs. incl. incl. all 
all stops stops 
Kw.hr.| As- Av. Av. 
No. | used | signed| Miles for for 
of by wkg. of Av. | hard- | Av. | hard- 
Kind of days, | loco., | hours,| oper. per est per est 
work total | total | total | total | day day day day 
Heavy 
switching 3 1660 | 20 62 119 151 3.1 3.7 
Pulllng freight 4 2080 | 24.5 115 122 181 4.7 5.8 
Roustabout 7 3280 | 58.5 | 207 81 104 3.5 3.3 
Booster 1 450 7 26 92 92 3.7 3.7 
Break up 4 2460 | 34.5 127 102 125 3.7 4.2 
Pass. terminal 
(days) 4 1775 | 34 188 75 91 5.5 7.4 
Pass. terminal 
(nights) 3 728 | 24 78 43 49 3.2 2.5 
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by 90- and 120-ton (weight on drivers) steam 
locomotives. 

The preceding tabulation is a summary which is of 
interest in showing the actual power required for these 
jobs. 

During the four days of passenger-terminal work the 
records showed a power consumption averaging 70.6 
watt-hr. per gross ton-mi. 

The movements of the locomotive from the battery- 
charging station and return are included in the above 
tabulation. The total trailing ton-mi. handled during 
the four days was 16,863. 


IN JACKSON STREET YARD 


During December 1926, this locomotive was in 
service principally in the yards north of Congress 
Street. The kind of work may be classified under 
two headings as shown with the length of time in 
each service. | 

Freight switching (8 days of 16 hr. each) 

Baggage switching in the passenger terminal yards 

(2 days of 16 hr. each) 

Operating data is as follows: 


Freight Baggage 
Switching Switching 
Locomotive-mi. per 16-hr. day........ 38.2 33.0 
Trailing ton-mi. “ A pado A 13960 5000 
Average trailing load................ 360 151 
“ jgrossload.................. 480 271 
length of movement (ft.)..... 517 356 
speed while in motion (mi. per 
li.) tess tacteanscies taut 6.7 4.7 
“ speed including all stops...... 2.4 2.1 
“ speed including all stops on 
hardest day............... 2.9 2.0 
Per cent standing time............... ' 64.5 56.5 
Kw-hr. used by locomotive per 16-hr. 
da oro ld AE IRE ARR RS 1140 783 
Average kw.............. eere 71.5 49.0 
“ kw. on hardest day.......... 85.6 49.8 
Watt-hr. per gross ton-mile........... 61.5 86.5 


During this period the electric locomotive operated 
in regular yard service and performed successfully 
in comparison with the regular 70-ton six-wheel steam 
switching locomotives. In fact on some unusually cold 
days it was one of the few locomotives in the yards 
doing its full quota of work. 


OPERATION JANUARY 19 TO FEBRUARY 2, 1927 


Classification Yard No. 1. The storage-battery 
locomotive was used in heavy classification switching 
and did the work which is ordinarily done by a 95- 
ton (on drivers) steam locomotive. 

Coach Yard. 'The work consisted of hauling main- 
line passenger trains to and from a ''Y" point for 
turning, and miscellaneous switching in a passenger- 
coach yard. The steam locomotive ordinarily used 
in this work weighs 64 tons on drivers. 

Union Depot. This work consisted of switching 
express and mail cars in and about the main passenger 
terminal. The battery locomotive in this service 
replaced a 64-ton (on drivers) steam locomotive. 

Kinzie Street Yard. Industrial switching. The 64- 
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ton-on-drivers steam locomotive is ordinarily used in DATA FROM 22 DAYS OF OPERATION INOLUDING THE 3 DAYS 


s ABOVE 
his ^ 
t work Average Hardest 
Day day - 
SUMMARY OF TEST RESULTS Hr.on duty eviews ds e EI RENCRCA eas 8.6 8.7 
Jan. 19 to Feb. 2, 1927 Mileage while working................ 28 31 
Kw-hr used................. eee e 490 600 
Classi- 
fication Kinzie Mi. per hr. including all stops......... 3.3 3.6 
Yard Coach Union Street Ave. kw-hr................ TM MEE 57 69 
No.1 Yard Depot Yard Hr. for complete discharge of battery... 10.8 8.9 
(a) No.ofdaysundertest....| 3 1 4 3 OPERATION IN KINZIE STREET YARD 
(b) Total hr. and min. in ser- 

VIC... oo. eee cece eee 23-25 7—38 28-26 22-1} On F ebruary 15, 1927 a complete record was made of 
ORUM Mii HERT ones duia le 222 Noc 20.1 — & typical day's work of freight terminal yard switching 
(d) Total mi., loaded........ 55.7 22.3 70.4 31.2 : Á í $ A 
(e) Total mileage (c +d)....| 73.0 38.4 | 103.5 51.3 inthe Kinzie Street Yard. The following is a summary 
(f) Mi. per day (c + a)...... 24.3 38.4 25.9 17.1 1 , ° 
(g) Ave. mi. per hr. in service. 3.11 5.03 3.64 2.32 of this day’s work: 

(h) Ave. mi. per hr. while in Locomotive-mi. from roundhouse to Kinzie St. 

motion............... 4.70 8.53 7.56 4.10 yard and return......... 0... cece eee eee 6.67 
(i) Per cent time in motion Light locomotive-mi. in Kinzie St. Yard........ 6.50 

(100 g/h)............. 66.4 59.2 48.4 56.6 Loaded locomotive-mi. in Kinzie St. Yard...... 12.73 
(j) Totalno. of cars handled.| 966 56 427 507 Total locomotive-mi............. eese 25.90 
(k) Total gross ton-mi....... 33,413  |20,351 28,518  |13,004 Total time in Kinzie St. Yard................ 9 hr. 57 min. 
(1) Ton-mi. per day (k/a)..../11,138 {20,351 7,129 4,335 . Percentage of this time standing.............. 54 
(m) Total kw-hr. used........ 2,640 692 1,484 1,230 “ “4 * in motion............. 46 
(n) Watt-hr. per gross ton- Locomotive ton-mi. while in Kinzie St. Yard.... 2327 

mile (1000 m/k)....... 79.2 34 52.1 94.7 Trailing ton-Mi........0.05cececcceeeenesees 2893 
(o) Ave. kw. inservice (m/b).| 104 91 52 55 Total ton-mi. in yard................0005 5220 
(p) Hr. on one battery charge 

(6016/0)..............* 5.9 6.8 11.8 11.2 Battery discharge while iu yard, kw-hr........ 428 

Average kw. in yard................eeee nn 42.9 
Average kw-hr. per locomotive-mi. in yard..... 22.2 
Average watt-hr. per total ton-mi. in yard..... 82.1 
OPERATION IN LASALLE STREET TERMINAL Average mi. per hr.......... esee seen eer 1.94 
$ Average mi. per hr. while in motion.......... : 4.22 
On March 26, 1927 the storage-battery locomotive 


took over for three weeks the assignment of one of the SUMMARY OF STORAGE-BATTERY AND STEAM LOCOMOTIVE 
: ae i . TESTS FOR 6 DAYS IN CORWITH YARD, MAY 1927 
six-wheel steam switching locomotives in the LaSalle 


° Storage-Battery Locomotive No. 10035 Average per da 
St. passenger station. ee, | a 
The work of the switching locomotives in this cea LA e 
terminal consists of running in after incoming trains, Fir On uty seis cato cus eat ox cee 7.4 
pulling the cars out to relieve the inbound locomotives Tape On dug ec 26.4 
and placing the cars on other tracks ready for outbound Light locomotive mileage................ 7.1 
service or spotting them on express or mail tracks. DURO DE SONAE Car TOU SO ln noes Ser 
Trains are also split up and rearranged, and cars put Number of empty cars moved............ 552 - 
on storage tracks. This switching occupies mainline M ae E em 
track and must be done without interfering with the Total trailing ton-mi.................... 6027 
150 scheduled daily train movements. Average trailing load in tons....... May dos 224 
The storage-battery locomotive handled this work pud ddr Del hE- éd ooa US Pm 
. e . W- . use "*»-9»9*2*27»292^23292928a4292920292520298272929262909 
from Mar ch 29 to April 1 very satisfactorily. A Average KW 5515536 dcr wy Ret eee os d 79 
summary of the averages obtained from a three-day Kw-hr. per locomotive-mi................ 22.0 
t . thi e ° f ll P Watt-hr. per gross ton-mi e*t i] ] 1 1 51]|$15 64.3 
test in IS Service 1S aS [OLOWS. Hr. for complete discharge of battery...... 7.9 
Steam Locomotive No. 2084 (3-day test) Average per day 
Average per Day x SS ———— 
Total weight.......... 126 tons 
Number of moves.............. qiiae haria e OE 82 Total weight on drivers. 77 " 
Hr on duty- «ooi ERRARE EA eee nee 7.8 Hr. on duly... ooa ae etet eta e CEA 7.4 
Mileage while working..................... «eee. 25.9 Number of moves.............. eee 295 
Mileage of locomotive light....................... 9.1 Total mileage on duty................... 27.2 
Number of cars mMoved............ccecceeceeecens 177 Light locomotive mileage................ 5.8 
Number of loaded cars moved............ 1045 
Kwe-hr used. eer RR D e dea ag Sa es 461 Number of empty cars moved............ 593 
Per cent time standing........................ eee |. 40 Length of average movement in ft........ 485 
Mi. per hr. including all stops................ eese 3.3 Mi. per hr. including all stops............ 3.6 
Length of average moment in ft.................... 1670 Total trailing ton-mi.................... 5190 
Total trailing ton-mi.................... leere 3014 Average trailing load in tons....... TEE 191 
Average trailing tons............. leeren 116 Gross ton-mi. per hr..................... 1160 
Gross ton-mi. per hr.................. eee eee ee 785 Lb. of coal used (incl. firing up).......... 8300 
Average Wocoen oone birsey ions n ac den park. 59 Gal. of water used...........0cc cece eees 3730 
Kw-hr. per locomotive-mi..................eeee ees 17.8 Lb. of coal per hr............0. 0c eee eee . 970 
Watthours per gross ton-ml................. eee 75.3 Lb. of coal per locomotive-ml............. 268 


Hr. for complete discharge of battery............... 10.4 Lb. of coal per gross ton-mi............... .85 
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SUMMARY OF TEST RESULTS 
STORAGE BATTERY LOCOMOTIVE 
May 25, to June 1, 1927 


AveragePer Day 


Bellewood | 48th Ave. | Lincoln St 
Yards Yards Ydrds 

Number of movements........ 114 139 84 
Hr. in motion................ 5.5 5.2 3.84 
Hr. standing........... ere 2.9 2.3 4.18 
Hr. on duty................. 8.4 7.5 8.02 
Total locomotive-mi.......... 37.9 32.2 24.2 
Light locomotive-mi.......... 4.8 9.0 9.6 
Total number of cars moved... 745 979  . 153 
Kw-hr. used................. 772 681 338.8 
Per cent time standing........ 34.5 30.7 52.1 
Mi. per hr. while in motion.... 6.9 6.2 6.3 
Mi. per hr. including all stops. . 4.5 4.3 3.0 
Total distance traveled in ft...| 200,112 170,016 127,776 
Length of average movement i 

in [05.5 ss aee oit 1,755 1,223 1,521 
Total trailing ton-mi.......... 11,519 7,906 2,154 
Average trailing tons......... 304 | 245 $9 
Locomotive ton-mi........... 4,548 3,864 2,904 
Gross ton-mi................ 16,067 11.770 5,058 
Gross ton-mi. per hr.......... 1,924 1.570 631 
Average kw..............ess 91.8 90.8 42.3 
Kw-hr. per locomotive-mi..... 20.4 21.2 14.0 
Watt-hr. per gross ton-mi..... 49.0 57.9 67 
Hr. for complete discharge of 

battere o cras hess dA es 6.7 6.8 14.5 


CHARACTER OF WORK 


Bellewood Yards, 2 days— Transfer and industrial 
. switching 

48th Ave. Yards, 2 days—Heavy classification 
switching 

Lincoln St. Yards, 2 days— Passenger-coach switching. 


CONCLUSIONS FROM TESTS 


From the results of the operating records it was 
concluded that the storage-battery locomotive offers 
many advantages in metropolitan yard switching. 
It has demonstrated that it compares very favorably 
with the steam locomotive. 

In general within the capacity of its battery charge 
it performs more promtly than its steam counterpart. 
The engine operates quietly and without smoke, 
cinders, noxious gases, or steam. Particularly in 
cold weather this means better vision and a consequent 
saving of time and reduction of accidents. 

It is controlled more easily. For the same weight on 
the drivers the electric locomotive can accelerate a 
given load more rapidly than the steam by virtue of its 
more continuous torque. This permits working on the 
average nearer the slipping point of the wheels. In 
addition the absence of the tender weight permits 
either the handling of additional useful load or more 
rapid acceleration with the same load. These time 
considerations indicate that more work can be done 
per engine. In emergency it can be used at considerable 
distance from its regular yard. 

It has a very high factor of availability requiring a 
minimum of time for getting ready and a minimum of 
attention when not operating. The power from the 
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batteries is available instantly and in such quantities 
as required by the work. It does not have to be 
repaired as frequently as the steam locomotive. It 
can be kept continually working at the yards, thus 
saving crew time in going to and from the roundhouse 
and relieving mainline track of some non-revenue 
traffic. It can be charged at a station installed ad- 
jacent to a convenient siding in the yard where it 
ordinarily works. The necessity for charging of course 
limits the number of hours per day during which the 
locomotive can be used. 

If advantage is taken of idle time, such as lunch 
hours or periods when there is no work, the locomotive 
can be operating about 20 hr. per day as compared with 
16 hr. maximum for the steam switcher. In many 
cases however, the electric locomotive can be worked 
on electrified tracks during part of the time (the off- 
peak period). In this case 24-hr. service may be made 
available by adapting the locomotive to collect energy 
from the trolley or third rail. The trolley energy may 
be used to drive a motor which drives the present 
generator, thus keeping the battery charged even under 
continuous operation. It has low maintenance costs. 


From published records of the Interstate Commerce 
Commission it is obvious that maintenance costs of an 
electric locomotive are one-third to one-quarter those 
of an equivalent steam locomotive. The operating 
costs should of course include the expense of replacing 
the storage battery at the end of the operating life 
of the cells. The number of men in a yard-switching 
crew is fixed so that comparison need include only the 
charges for maintenance of the apparatus and the 
interest in the investment. The necessary auxiliary 
appurtenances are low in number. 

Coal and water are not needed nor are turntables 
required since the locomotive may be controlled from 
either end. Roundhouse space is not so necessary 
as the locomotive may be kept out of doors summer 
and winter. . 

For charging the battery, advantage should be 
taken of the low off-peak rates of central-station 
electric companies. The possible yearly kw-hr. are 
very high, making the load desirable to a central 
station. The instantaneous and 15-min. peaks are 
high, which makes the load undesirable for small power 
stations but the large power company will not be 
troubled by them especially in off-peak periods. These 
periods aggregate 12 to 16 hr. per day and rates as 
low as one cent per kw-hr. may be obtained in some 
instanees. At this rate, considering over-all efficiency, 
the actual power cost of the locomotive drivers will 
be about 1.09 cents per hp. hr. When the combination 
trolley and battery locomotive is used perhaps a 
certain rate should be charged while operating on the 
trolley and a separate rate for off-peak power metered 
separately to the battery. 

In conclusion, this storage-battery locomotive not 
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only meets smoke-abatement measures and provides 
a simple effective tool for yard switching which can be 
installed quickly without extensive preparations, but 
it lends itself readily to existing electrifieations and 
fits in excellently with future electrifieations. If 
main-line tracks are already electrified, the battery- 
type locomotive ean be equipped with a trolley or 
pantograph and be charged directly from the existing 
distribution system while working, and can work 24 hr. 
per day with few if any additions to the distribution 
system. On non-electrified systems, when it becomes 
advisable to put in a straight electric type where the 
battery locomotive has been working, the latter is 
relieved for duty in other yards and thus a complete 
electrification can be built up with the development of 
the community without the necessity of great expendi- 
ture at any one time. 


Discussion 
(TAYLOR) 
CuicaGco, ILL., NOVEMBER 30, 1927 
B. J. Arnold: The question of various types of locomotives 
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for railroad service is very important at the present time. The 
gas-eleetrie engine or the Diesel-eleetric engine for switching 
service is shown to be the most efficient at the present time. 
For long, swift work the direct-geared engine outstrips the 
gasoline-electric combination. The steam engine is making an 
advance in the triple-expansion engines for marine work. The 
Diesel engine exceeds that efficiency today, yet the steam engine 
is keeping pace with the progress of other developments. 


H. H. Field: I should like to know more about the battery 
voltage and the motor connections. 


Edward Taylor: The storage battery on the locomotive is . 
conveniently rated at 230 volts. Batteries of this type are 
usually rated at their 6-hr. discharge rate and the voltage per 
cell decreases toward the end of the discharge. Also the voltage. 
per cell decreases as the rate of discharge is increased so 
that it may be said that the discharge voltage per cell depends 
on the rate of current discharge, the state of charge, the age of 
the cell, and to a certain extent on temperature. 


The 230-volt motors are equipped with control for connecting, 
first, two motors in pairs for series-parallel operation, then all 
four in parallel. ' 


Current could be collected at convenient locations from a 
trolley or third rail and in this ease the number of cells used 
would be selected to conform to the most desirable charging 
voltage per cell. 


Operation and Performance of Mercury Arc 
Rectifier on the Chicago, North Shore, and 
Milwaukee Railroad Company 
BY CAESAR ANTONIONO: 


Associate, A. I. E. E... 


Synopsis.—Actual operating results and experiences with a 
mercury arc rectifier feeding a railroad are given in this paper. 


HE application of the mercury arc rectifier is one 
of the newest developments in the railway power 
field and very little is yet known about its possi- 

bilities and applications in this country. 

Other papers presented before the Institute have 
covered the technical points and details on the subject, 
so that I shall attempt to confine myself to the rectifier’s 
performance on railway work in conjunction with auto- 
matic operation. 

The development of the rectifier in this country is 
very much in its infancy as regards its commercial 
application. It appears to be used more extensively 
in Europe, and the extent to which it will be applied 
here is limited only by the economical and operating 
results which can be obtained. 

In considering its application to any property we 
naturally compare it with the synchronous converter 
and motor-generator set designed to serve the same class 
of service, with which we are familiar. 

The advantages of the mercury arc rectifier over the 
synchronous converter and motor-generator according 
to previous papers presented before the Institute are: 
. High efficiency over the whole working range, 
. Very high capacity to absorb momentary loads, 
. Insensibility to short circuits, 

. Nosynchronizing, 
. Simple operation and minimum attention, 


. Noiseless operation and no vibration, 
. Low maintenance cost, 

8. Reliability of service. 

This paper discusses each of these points in connection 
with the experience we have had with the operation of a 
rectifier on the Chicago, North Shore, and Milwaukee 
Railroad. The rectifier is rated at 1000 kw., 600 volts 
direct current and it is located on the section of the road 
as shown in Fig. 1. This section is fed also by syn- 
chronous converters of 1000-kw. and 1500-kw. rating as 
shown. This rectifier, made by the General Electric 
Company, is the first 600-volt machine made in this 
country which has been installed in actual service. 
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1. Chicago, North Shore, and Milwaukee Railroad Co., 
Highwood, Ill. 

Presented at the Regional Meeting of District No. 5 of the 
A. I. E. E., Chicago, [ll., November 28-30, 1927. 


The rectifier 1s compared with synchronous converters in regard to 
efficiency, troubles, maintenance, and other points. 


EFFICIENCY 


The efficiency of the rectifier was compared with that 
of five converter stations by taking measurements on 
each substation for five months. The results of the 
records are shown in the accompanying Table I. The 
effieiency is taken as the d-c. output divided by the 
a-c.input. The figures include the efficiency of power 
transformer and converter or rectifier. They do not 
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Location of synchronous converter substations also shown. Part of 
Chicago, North Shore & Milwaukee Railroad 


include the power used for the operation of automatic 
devices and auxiliaries such as vacuum pump, motor- 
generator set, heaters in the rectifier station, nor the 
power used by auxiliaries and a-c. contactors in the 
converter stations. . 

I believe this comparison is fair. It was the best 
method I had of making a eomparison in the short time 
available for preparing this paper. Although not exactly 
correct, it shows a pronounced difference in the eff- 
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TABLE I 
PERFORMANCE OF RECTIFIER AND SYNOHRONOUS CONVERTER SUBSTATIONS 


The kw. and efficiency values do not include the power used for the operation of automatic devices and auxiliaries such as vacuum pump, water pump. 


motor-generator set, and heaters in the rectifler station nor the power used for auxiliaries and a-c. contactors in the converter stations 


Month of May 1927 Month of June 1927 Month of July 1927 
e E . g H 
5 É aj È| JẸ 8 | £ 
e. 42 b 
Substations Z 2 3 E g E 4 |6 23/8 E E EE 
A 4 E 8 3 E 
3 AMIMIEBEBETIEPIMIEMEE T 
È 4&|m8| Ê & |48] 42| g| & E f. 
87300 86800 82200 
62130 182 | 71.2 | 59024| 300 | 10 130 | 68 57140 69.5 
43500 34200 34200 
30550 151 | 70.2 | 23214] 180 6 128 | 67.8 | 25294 73.7 
69600 74400 78300 
53200 171 | 76.5 | 58200| 330 | 11 176 | 78.3 | 60800 77.8 
125700 84300 95700 
97900 225 | 78 62400| 315 | 10.5 | 197 | 74 73000 70.3 
115950 139950 146100 
83154 167 | 71.8 |105844| 660 | 22 160 | 75.6 |104263 71.3 
89700 75900 79950 
719592] 178 | 80 02857| 270 9 232 | 82.8 | 65747 82.2 


TABLE I—CONT. 
PERFORMANCE OF RECTIFIER AND SYNCHRONOUS CONVERTER SUBSTATIONS 


The kw. and efficiency values do not include the power used for the operation of automatic devices and auxiliaries such as vacuum pump, water pump, 
-Jmotor-generator set, and heaters in the rectifier station nor the power used for auxiliaries and a-c. contactors in the converter stations 


Month of August 1927 


Month of Sept. 1927 


18 
3 | 2 |g 
Substations E g e 
a) 3/5 
E E « 
No.1substation.............. eene A-C. input 95700 
1500-kw. syn. converter................ D-C.output| 69770| 403 13 
No.2substation...........- «cce ern A-C. 32100 
1500-kw.syn.converter.............. D-C. 21133] 186 6 
No. 3 substation, .........0 ccc cv cee A-C 104400 
1500-kw.syn.converter................ D-C 83200| 372 12 
No.4substation............ eee A-C 84600 
1500-kw. syn. converter.............00- D-C 65800} 310 10 
Liberty Lake.............cc ccc cee ecee A-C. 119250 
1000-kw.syn.converter............. s. D-C. 88246| 434 14 
No.5substation.............. eee A-C. 70215 
1000-kw. mercury arc. rectifier. ........ D-C 56721| 341 11 


ciencies of the two types of equipment under nearly 
similar load conditions and very low load factor. 


VERY HIGH CAPACITY TO ABSORB MOMENTARY 
OVERLOAD 


The ability of the rectifier to carry high momentary 
overloads is seen from the accompanying Fig. 2 which 
shows a graphic ammeter chart. 

This chart was taken 12 hr. after the unit was 
put in operation on a day of extremely heavy traffic. 
It shows load peaks much above the rating of the 
rectifier. There were no signs of being overloaded, 
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84300 
72.9 | 61190] 330 11 185 72.6 | 70.8 | 167.4 
50220 
65.8 | 33197] 240 8 138 66.1 | 68.7 | 131 
95370 73.4 
79.7 | 75300| 360 12 209 78.9 | 78.2 | 191.5 
83040 
77.8 | 62300| 285 9.5 218 75. 76.3 | 209.2 
118740 
73.1 | 88731) 525 17.5 169 74.7 | 73.3 |166 
83460 
80.7 | 67868] 420 14 161 81.3 | 81.7 | 181.4] 81.7 


an occasional opening of the high-speed circuit breaker 
which would reclose immediately, was the only trouble 
experienced in carrying this load. 

Fig. 3 shows the typical load on the station. There 
are many very high load demands of short duration, 
some of them well above the rated capacity of the 
rectifier. 

On sustained overload we are not in position to give 
much information. Usually the load demand above 
the rectifier rating is of short duration, but there are 
unusual conditions on the railroad when a load of 175 
or 185 per cent of the substation capacity may be 
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carried by any of these.stations. The duration of 
this load. is. controlled by thermostats on the load- 
limiting resistors set to release this load in about six 
or seven min. 


It is, however, possible. ka have 2loadabovetherating : 
of the equipment and below the 175 per cent overload | 
relay setting for ‘a much longer time than 7 min. A 
load of this kind would be without thermostatic control 
and might last indefinitely. It could be caused by 
traffic schedule disarrangement on account of trouble, 
extra passenger or freight service, or a trolley wire on the 
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imposed on the rectifier an overload of much longer dura- 
tion than we know. There are norecording instruments 
to show when this occurs. The rectifier does not show 
any signsof having been abused; momentary opening of 
the high-speed circuit breakers is the only indication that 
there must have been excessive load. 
‘INSENSITIVITY TO SHORT CIRCUITS 

Our experience shows that the rectifier is not sensitive 
to short circuit. Repeated reclosing on a short cir- 
Under the same 
treatment a synchronous converter of the same capacity 
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Part of record of June 24, 1926 on Substation No. 5 of Chicago, North Shore, and Milwaukee Railroad 
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Fig. 3—TypicaL LOAD ON THE RECTIFIER SUBSTATION 
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Fig. 4—1000-Kw. MERCURY Arc RECTIFIER AND AUTOMATIC 
SWITCHBOARD 


Substation of Chicago, North Shore, & Milwaukee Railroad 


ground at such a distance that the resistance of the 
feeders would limit the current. 

Happenings of this nature are not unusual on a rail- 
road and I believe that we have more than one time 


would be likely to flashover regardless of the protective 
devices, and in an automatic substation it would loek 
itself out and the station would be shut down until an 
inspector could put it back in service. 


No SYNCHRONIZING 


The fact that synchronizing is not necessary with the 
rectifier is quite important. In the automatic stations 
on our system only 4 to 6 sec. are required to connect a 
rectifier to the line. From 20 to 35 sec. are required to 
put a converter on the line. Therefore we can deliver 
a higher voltage to the train and trolley 16 to 29 sec. 
sooner with a rectifier. 


SIMPLE OPERATION AND MINIMUM ATTENTION 


We must agree that the mercury arc rectifier requires 
less attention than the synchronous converter, and its 
operation is much simpler. There are no brushes, 
commutator, nor slip-rings to take care of. There is no 
dust spreading over the equipment. These advantages 
arevery much appreciated inautomaticstations without 
attendance. The ventilation of the equipment and 


° EF hy 


Nov. 1927 


building is also simplified as compared with converters, 
especially in unattended stations. 

I do not want to create the impression that there are 
less devices involved in the mercury arc rectifier than 
there are in the converter station. On the contrary, 
with the rectifier more auxiliaries are used, such as 
arc-starting exciters, vacuum pump, water supply, 
temperature regulators, tank heaters, etc. While in 
our case some of these devices have caused a large 
number of shut-downs, the troubles were in the in- 
dividual pieces of apparatus and they have been cor- 
rected. Those devices should not need much attention. 


NOISELESS OPERATION AND NO VIBRATION 


The absence of vibration and noise in the mercury 
arc equipment makes it possible to install it in locations 
where the synchronous converter would not be allowed. 
In one converter installation it cost about $8000 for 
sound-proofing and ventilating the substation building, 
eliminating the noise to comply with the wishes of the 
surrounding residents. Such expense would not have 
been necessary with mercury are equipment. In- 
cidentally in addition to the first eost we have added 
ventilating equipment and extra building maintenance. 
Obviously, with the absence of vibration it is not neces- 
sary to install special foundations for the rectifier. 
It may be set on an ordinary floor. Ventilation becomes 
of minor or no importance, and in general a less expen- 
sive building is required. 


LOWER MAINTENANCE COST 


We do not know at this time just what maintenanee 
will be necessary on the rectifier. 

. From May 1926 to May 1927 this station was 
attended by an operator and the manufacturers of the 
rectifier kept a close watch on its performance. Being 
in a development or trial stage they took care of neces- 
sary maintenance. In addition, new developments 
which they made in other installations were applicable 
to this equipment and minor changes were made 
accordingly. Since May of this year this equipment 
has been in automatic operation without an operator. 
The maintenance required is very little; outside of the 
regular weekly inspections it has amounted only to 
applying a little oil. Like others we are watching this 
item with a great deal of interest. Our impression is 
that the maintenance will be very much less than that 
required for a converter although some manufacturers 
may have stretched this point a little too much. Time 
will tell. 


RELIABILITY OF SERVICE 


The automatic rectifier station is as reliable, or more 
reliable, than the average 60-cycle synchronous con- 
verter station of the same capacity. 

The record for this rectifier substation, commencing 
May 1926, when it was first started and put in service, 
all through a trial and adjusting stage until May 1927, 
when it was made automatic is as follows: 
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RECORD OF SHUT-DOWNS OF REOTIFIER 
Total time, 
Cause of shut-down No. min. 
High temperature of tanks................. 2 48 
Exciter trouble. ..... ccc ccc cc ccc eet ccc cee 39 536 
Driving chain and motor on water pump.... 13 315 
Loose connection and bad control circuit.... ' 3 50 
Vacuum-pump trouble, motor and oil pump. 3 260 
Flashoverofanodes............ eee enn 6 819 
Starting anodessticking................... 5 602 
Misc. unknoWLn.i. i03 0499 R3 EIS res 12 1109 
Total shut-downs............- ccce 83 3739 
Total time rectifler operated 337,140 min. 
Per cent of 
No. of Ave. time time of 
Shut-down by failure of times 3 operation 
Rectifler................... 25 58 0.435 
Auxiliaries. .......esssssesoo 58 39 0.674 
j.p ————— E 83 45 1.109 


Commenting on the foregoing data, it is of interest to 
note that the time the rectifier was out of service on 
account of troubles with the rectifier itself was 0.435 
per cent of the total time. The time lost on account of 
the auxiliaries failures was 0.674 per cent of the total 
time. 


The nature of the trouble with the auxiliaries is rather 
interesting. A larger. amount of trouble might be 
expected with the rectifier on account of its newness 
in the field, but to have a small motor-generator set 
or a chain on a water pump and motor cause this 
bad record is out of place. in our days. Engineers have 
been building and operating motor-generator sets and 
water pumps for years, but in this case we were after 
the big things but let the little things cause the most 
trouble. Fundamentally the reeord is good, the nature 
of the troubles is not serious. Since May 1927 the 
record as an automatic substation is as follows: 


| : No. of 
. Failure in auxiliary shut-downs 

Motor on one vaeuum-pump burned out.......... 1 
Locked out after third reclosing of the oil circuit 

breaker within a definite time during storms..... 3 
Locked out on account of broken spring on oil- 

switch meehanieallateh....................... 3 
Locked out after third reclosing of the oil circuit 

breaker within a definite time, eause unknown... 5 
Fuse blown on operating transformer supplying 

power for the operation of devices.............. 1 

Totalshutdowns..................... 13 


Of all these shut-downs, the five lock-outs after the 
third closure of the oil switch could be questioned and 
possibly may have been caused by arc-back in the 
rectifier, or other troubles in the control which we 
have not detected. All the remaining troubles were not 
inherent with the rectifier, but were caused by other 
devices. | 

Our confidence in its reliability is such that we have 
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established a weekly inspection for this rectifier station, 
but we do not consider it advisable at present to leave 
a converter so long without inspection. 

The record of the rectifier was compared with that of 
a synchronous converter of modern design and of the 
same capacity. This converter is located on another 
section of the railroad where the load conditions are 
about the same. It is protected from excessive loads 
by load-limiting resistors without high-speed circuit 
breakers. In this comparison I used none of the con- 
verters shown in Fig. 1 because these converters are 
of larger capacity than the rectifier and naturally they 
are more stable and would take a larger shock and carry 
more load without flashing over; nor have I used the 
converter at Liberty Lake, Fig. 1, as the momentary 
load demands on this station are less than they are on 
the rectifier. 

The converter which I compared had 45,434 hr. of 
run on its record on May 1927 and had 34 flashovers 
causing as many shut-downs, representing 276 hr. out 
of service on account of flashovers. There was an 
average of 8.1 hr. out of service per shut-down as the 
majority of these flashovers, damaged commutator 
flash barriers, brushes, brush rigging, and the insulation 
in other parts of the machine. 

Since May 1927 to date this same converter flashed 
over 8 times and due to the many flashovers which this 
machine has had, extensive repairs had to be made on 
the commutator, rings, and other insulation involving 
150 hr. in one shut-down. 

This record seems to indicate that the troubles with 
the rectifier itself probably will not be as serious as with 
the converter of the same capacity under similar load 
condition. 

The writer has great confidence that the mercury are 
rectifier is here to stay and predicts that 10 or 15 yrs. 
from now a large application supplementing the con- 
verter. The converter had its day, the rectifier's 
day is coming. It is true that the rectifier at present 
costs more than the converter of the same capacity and 
there is some misunderstanding as to its rating. But 
with an increasing number of installations and our co- 
operation, as operators, with the manufacturers, the 
development process will be speeded up and the pro- 
duction cost will naturally be reduced to a figure 
comparable with that of the converter. 


Discussion 


H. M. Hobart: (communicated after adjournment) It is 
sometimes said that there is little or no justification for employing 
the mercury are rectifier for systems with as low a pressure as 
600 volts. While the superiority of the rectifier may, speaking 
generally, be said to increase with the voltage of the system sup- 
plied, Mr. Antoniono’s investigations show that it has a notable 
economic advantage over the synchronous converter even at 
600 volts for the kind of service for which it is employed on the 
Chicago, North Shore, and Milwaukee Railroad. 


Analyzing the data given by Mr. Antoniono in Table I. we 
find that for the five months eovered by the records the 1000-kw., 
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600-volt reetifier substation earried an average load of 181 kw. 
which is 18.1 per cent of its rated output. For the same period 
the four 1500-kw. synehronous eonverters in substations num- 
bered 1, 2, 3, and 4, earried an average load of only 175 kw. 
which is only 12 per cent of their rated output. (The Liberty 
Lake 1000-kw. synchronous converter earried an average load of 
166 kw. or 16.6 per cent of its rated output, but the author 
states that on that station the momentary load demands are 
less than they are on the rectifier substation.) The accom- 
panying illustration contains two curves, A and B, relating re- 
spectively to the observed monthly energy efficiencies of the 
1000-kw. rectifier substation and the four 1500-kw. synehronous- 
converter substations of which the data are given by Mr. 
Antoniono in Table I. At the rectifier’s five months average 
load of 181 kw. the monthly energy efficiency is seen to be 81.5 
per cent as against the synchronous eonverter's monthly energy 
efficiency, at the five months average load of 175 kw., of 74 
per cent. 

Thus the rectifier substation has under these conditions 7.5 
per cent higher efficiency than the synehronous-eonverter sub- 
stations. Furthermore the 1000-kw. rectifier substation during 
these five months carried substantially as great an average load 
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(in faet a slightly greater average load) than the average of the 
four 1500-kw. synehronous-eonverter substations and it would 
appear that its eost should be compared not with that of a 1000- 
kw. synehronous-eonverter substation but with that of a 1500-kw. 
synehronous-eonverter substation. However, the sub-stations 
may have been equipped in anticipation of increas'ng load and 
in that ease no rigorous conclusions should be drawn. 

A study of Curves A and B, leads one to eonsider whether such 
substations could not be designed for higher loads than averages 
of only, respectively, 18 per cent and 12 per cent of their con- 
tinuous rating. Considering first the synchronous-converter 
substation it must be remembered that engineers have had many 
years of experience in applying them to all sorts of loads. It 
is necessary to install synchronous converters of sufficient size 
to ensure that the momentary peak-load demands are well below 
values liable to occasion flashovers. The graphic chart shown 
by Mr. Antoniono in Fig. 3 of his paper shows the frequent re- 
currence of momentary peak loads of 1800 kw. and the installa- 
tion of synchronous converters with a continuous rating of 1500 
kw. may not have been unduly conservative even though it 
entailed the undesirable feature of an average load of only 
12 per cent of the continuous rating, and the correspondingly 
low monthly energy efficiency. The occasionally occurring 
days of exceptionally heavy traffic when the graphic chart of 
Fig. 2 applies, do not enter much into consideration in the 
ease of the synchronous converter since with this kind of service 
it is principally the frequency of the peaks of load, and not to 
much extent their magnitude which is increased on days of 
heavy traffic. We have so little experience with the application 
of mercury are rectifiers to this kind of load, that we ought to 
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continue to be conservative in our installations till we have 
accumulated on several different installations many more data 
of the kind contained in Mr. Antoniono’s paper. 

From our present understanding of the rectifier it would appear 
that the limiting condition will not be with momentary peak 
loads as in the case of the synchronous converter, but in sustained 
heavy loads. Consequently not the momentary peak loads but 
sustained heavy loads on the occasional days of heavy traffic are, 
in the case of rectifiers, liable to constitute the limiting condition 
which will determine for this kind of service to what extent we 
ean properly increase the percentage which the average load may 
constitute of the continuous rating. It may be that while 
the synchronous converter has such limitations for this kind of 
service that the monthly average load should be limited to a 
matter of not much over 12 per cent of its continuous rating, the 
rectifier substation may not need to be so limited. Indeed it is 
emphasized at several places in Mr. Antoniono’s paper that the 
rectifier substation, for the conditions under which it is operating, 
is giving a better account of itself than the synchronous-converter 
substations at the conditions under which they are operating. 
If further experience bears out this impression, then the efficiency 
of the rectifier substation may be moved further up on Curve A 


- than the efficiency of the svnchronous-converter substation ean 


be moved up on Curve B. 

It thus appears reasonable to assess at some 7 or 8 per cent the 
amount by which the rectifier substation’s efficiency will be 
higher for a 600-volt load of this character and to compare 
the initial costs on the correspondingly revised basis. Mr. 
Antoniono’s comments on this conclusion would be much ap- 
preciated. l 

The efficiencies obtained by Mr. Antoniono and set forth in 
Table I of his paper are, both as regards the synchronous con- 
verter and the mercury arc rectifier, several per cent lower for 
the average loads to which they correspond than the efficiencies 
which would be obtained for constant loads of these same values. 
For instance, the efficiency of the 600-volt rectifier and trans- 
former at 18 per cent of rated load should be about 87 per cent 
while in Table I the efficiency at this load is given as 81.7 per 
cent. "This is partly due to the load characteristics shown in 
Fig. 3. For the periods when the load is below the average, the 
efficiency is lowered much more than it is raised by load values 
above the average. Will Mr. Antoniono state if he agrees that 
this is the explanation of the discrepancy? Furthermore, did not 
the 1000 kw. of equipment in substation No. 5 consist of two 
500-kw. rectifiers? 

In conclusion it may be of interest to point out that the im- 
provement in the efficiency which is obtained in the case of the 
rectifier substation when it supplies a greater load is due ex- 
clusively to the improvement in the transformer’s efficiency, 
the efficiency of the rectifier itself being nearly constant at all 
loads. But in the case of the synchronous-converter substations 
the efficiencies of transformer and converter both improve with 
increasing load. 


W. B. Anderson: (communicated after adjournment) Mr. 
Antoniono’s paper includes operating and performance data of 
value to the many engineers who are carefully observing the 
development and application of the metal-tank mercury are 
rectifier in this country. The comparative performance data 
for four rotary-converter stations and the one rectifier station 
tabulated under Table I are particularly interesting. The 
comparative values of over-all efficiency clearly indicate the 
decided advantage of the rectifier over the rotary converter for 
applications where the average load is small. 


In connection with the various advantages of the rectifier, it 
might be well to consider some of them in further detail. Build- 
ing-construction costs for rectifier substations should be sub- 
stantially less than for substations built to house rotating 
apparatus. As Mr. Antoniono mentions, converter-substation 
building costs may include items for special ventilation or noise 
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elimination. The matter of foundation, crane, and wall-con- 
struction costs should be of considerable importance. A 1000- 
kw. 600-volt rotary converter weighs approximately 20,000 1b., 
its heaviest part weighing between 12,000 and 14,000 lb. A 
rectifier of equivalent capacity will weigh approximately 5000 lb., 
the heaviest part weighing about half that amount. The 
foundation for the converter must not only carry four times the 
weight, but must be adequate to withstand the vibrations of 
rotating equipment. In most cases, the rectifier will require no 
special foundation at all. It is common practise to install a 
crane in the substation suitable for lifting at least the heaviest 
part of a machine. The rectifier has the advantage in this 
instance of almost five to one and for the average rectifier in- 
stallation no crane should be necessary. In addition, wherever 
there can be a saving in crane service, there will be a correspond- 
ing economy in the cost of substation wall construction. The 
ultimate result should be a considerable saving in building costs 
for the lighter and static piece of apparatus. The engineers of 
one railway property have estimated that approximately $5000 
ean be saved on a $20,000 substation building by the use of 
rectifiers rather than rotary converters. 

The fact that a given rectifier is suitable for operation at any 
commercial frequency without a change in rating is another 
interesting feature. This characteristic of the rectifier may result 
in its preference to the exclusion of rotating apparatus for certain 
applications. For instance, let us consider the following ex- 
ample. A given property needs more substation capacity 
immediately and has only 25-cycle power available. Within a 
space of two years, the 25-cycle power will be replaced by 60- 
eyele power. At a small added cost, the transformers ean be 
made good for 25 or 60 cycles and the rectifier itself will need no 
changes. Asanother possible application, let us consider a property 
which is supplied from an a-c. system of an odd frequency. Rotary 
eonverters of standard frequeney would prove unsatisfaetory 
so that it would be necessary to use de-rated motor-generator 
sets of standard frequency. By using rectifiers no sacrifice in 
rating is necessary. 

The rectifier has another advantage as regards its applications 
at different voltages. The fundamental basis of rating for a 
rectifier is current. Representative curves of the voltage rating 
at different current ratings have already been published. For 
instance a given design of rectifier with a rating of 1000 kw. at 
600 volts will have a higher kw. rating at 1500 volts. A rectifier 
could be advantageously applied to a 600-volt system which 
might later be operated at 1500 volts by a change in trans- 
former connections. 

Mr. Antoniono refers to the use of a larger number of auxiliaries 
on a rectifier than on a rotary converter. I believe that a careful 
check of the major auxiliaries used on a representative installa- 
tion of each class of equipment, will show the number to be very 
nearly thesame. In this connection a comparison of the number 
of control devices required for a typical synchronous-converter 
station and rectifier station respectively might be interesting. 
In the October issue of the Electric Journal, Mr. M. E. Reagan 
gives the following comparison: 


No. of Major 
Switching No. of Relays No. of Protec- 
Devices Functioning tive Relays 
Converter...... 14 11 13 
Rectifler....... 9 10 10 


However, any comparison made now as to the relative number 
of auxiliaries and control devices used for each apparatus may be 
misleading. The rotary converter is a highly developed piece 
of apparatus while the rectifier is in its infancy. The next few 
years will see many changes in the rectifier, its auxiliaries, and 
its automat’e control equipment. 

F. D. Newbury: I think the thing we need most to 
inerease the application of rectifiers is a study of the funda- 
mentals involved in rectifier operation. I think I am correct in 
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saying that all rectifiers, as they are built today by anybody, 
are built purely on empirical information and rules. We know 


relatively little of the fundamentals on which the rectifier 


works. 

There is no such limit to rating as there is in the converter or 
any other electromagnetic machine as in flux and current 
densities. The amount of current a rectifier will give depends 
largely on local temperatures and characteristics of materials, 
and ability to exclude gases from the rectifier tank. A study of 
those fundamentals will undoubtedly lead to very great reduc- 
tions in the size of rectifiers for a given current rating. | 

I don't agree entirely that the case chosen is a fair example from 


the standpoint of the converter, and remember in what I am 


saying now all of the nice things I have just said about the 
rectifier. | 

It is obviously unfair to compare efficiencies on the basis of 
stations having such low load factors. It is possible, particularly 
with automatic stations, to have fairly high load factors, and 


with high.load factors above 50 or 60 per cent of rating there will | 


be no such outstanding difference in efficiency in favor of the 
rectifier as shown in this case. 


Again, in the comparison of short circuits, there is any 
number of large 60-cycle converters that are operating under 
severe conditions with practically no flashovers. Probably 
the greatest need for the rapid application of rectifiers is the 
ability of manufacturers to supply larger units. That is par- 
ticularly true at 600 volts. Much of the advantage of the 
rectifier in station ‘cost is lost if a large number of tanks has to 
be supplied to give the desired unit rating. 


M. S. Oldacre: There are two characteristics of the rectifier 
that have not been emphasized that make the rectifier desirable 
for other applications than these now usual in this country, and 
these are the absence of noise and ease of cooling. 

In the congested districts of the large cities where rotary 
converters are used for supplying 250-volt distribution systems, 
the question of noise and cooling is a problem at the present time. 
The rectifier solves the noise problem at once. The cooling 
question is practically solved because the amount of water re- 
quired is a small fraction of that required by a converter installa- 
tion, where recirculation of the air is required to obtain adequate 
cooling if space is restricted. The rectifier gives a much simpler 
layout. 

The rectifiers discussed have a capacity in a single bowl of 
only 500 to 1200 kw. at 600 volts, and it has been pointed out 
that large enough rectifiers for 250-volt service are not yet 
available, the requirements being about 15,000 amperes; but 
with rectifiers available having a nominal rating of 5000 amperes 
and a two-hour rating of 7500 amperes at 600 volts and in a single 
bowl, the indications are that the larger rectifiers may soon be 
available. 

Another point is that apparently the rectifier has been de- 
veloped in this country and its characteristics are well known to 
the manufacturers or at least well enough so that they are able 
to build them after the rectifier has been popularized by some 
other manufacturer, in this ease a foreign manufacturer. It does 
not seem up to the usual pioneer spirit of our American manu- 
facturer to trail along in that fashion. 

Sidney Withington: (communicated after adjournment) 
It is quite refreshing to read a paper on the mercury are rectifier 
which is written by a user rather than by a manufacturer of this 
type of apparatus. The enthusiasm of Mr. Antoniono for the 
rectifier is apparent, and is obviously justified by the performance. 

The Connecticut Company a few months ago placed in opera- 
tion a 6000-kw. substation at Bridgeport, Conn. (the largest 
installation of mercury arc rectifiers thus far made, and the only 
instance where an entire city traction load is carried by this type 
of apparatus), consisting of five single-bowl rectifiers rated at 
1200 kw. each. From the impressive manner in which the 
substation went into service, with little or no time available for 
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test before it was called upon to carry the load commercially, 
and from subsequent operation, it is obvious that the mercury 
are rectifier is here to stay as an integral facility for traction 
purposes, and that it has numerous and important advantages 
over the rotary converter. 

` The rapid development of this type of apparatus places upon 
eleetrieal engineers, both manufaeturers and users, responsibility 
for standardization, especially of rating, whieh cannot be ignored. 
The load characteristics of the rectifier are so different from those 
of thé rotary eonverter that attempts to rate one in terms of the 
other are misleading, and it is imperative that the rating of the 
rectifier be placed upon a sound and logieal basis as soon as 
possible. ` 

B. G. Jamieson: I should like to say that Mr. Schuchardt, 
Electrical ‘Engineer of the Commonwealth Edison Company, 
went abroad some six or seven years ago and came back and tried 
his utmost to get the American manufacturers to interest them- 
selves in this problem, and it is very largely due to his efforts 
that we now have the rectifier in actual operating performance. 

There are one or two other points in connection with the 
rectifier, one suggested particularly by the lack of necessity of 
synchronizing. As the rectifier becomes a feature of future 
trunk-line electrification, we shall see the advantage where the 
supply of energy has to be taken from different systems. We 
shall not be bothered with energy interchange between the 
different systems through trolleys. 

There are some other points about the rectifier not so favorable 
at present. For example, there has not been, so far as I know, 
any substantial accomplishment toward improvement of regula- 
tion. When the requirements of the railway companies take the 
form of very close regulation and a rectifier is involved, it be- 
comes necessary to look beyond the present art. 

Another unfavorable feature of design which unnecessarily 
exaggerates rectifier outage and which should be corrected is, 
for example; a ease of trouble with an anode, the mechanical 
replacement of which should not take an hour, but-which because 
of incidental circumstances causes the rectifier to be out of service 
for 100 hr. Certainly any over-all figure which Mr. Antoniono 
has given has some elements of this character which exaggerate 
the reported unfavorable performance. 

Other features of the rectifier which were regarded some 
years ago as basie difficulties have been minimized, but there are 
still some such features as for example, the question of unknown 
characteristics of the backfire and the reasons therefor. 

A. Herz: The matter of noise emitted from rotary converter 
substations is serious. As the railroad load increases the sub- 
stations must be located closer together making it unavoidable 
to locate some in comparatively densely populated sections which 
in many instances are the better class of residential suburbs. 

In our company we have carried on experiments to mitigate the 
noise by closing window openings with two thicknesses of glass 
and lining the substation doors and walls with non-sound- 
transmitting and non-reflecting materials, with the result that 
artificial ventilation with its noisy blowers, ete., had to be resorted 
to if temperatures of 110 to 125 deg. fahr. in the summer time 
and inside the converter substations were to be avoided. 

Therefore if we can use a rectifier which is inherently noiseless 
in place of a converter and do the necessary cooling for the former 
outside of the substation we have certainly made an advance in 
every way. 

This brings up the matter of cooling the rectifiers. We have 
had serious trouble with the cooling systems of rectifiers, cases 
of electrolysis and cases of deposition of mineral matter, the 
former being particularly serious. 


I cannot quite comprehend why the manufacturers do not 
resort to oil as the initial heat-absorbing medium; that is, use 
oil for cooling the rectifier proper and circulate this oil through a 
cooling system making use of fans or water. This would avoid 
troubles from electrolysis within the rectifier as is now the case 
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and would avoid some other difficulties we now have. The 
quantity of oil necessary would be quite small. 

There is one feature that has not been touched upon, I believe, 
and that is the item of stored energy. A power system with 
many large rotary converters in operation thereon has certainly 
considerable energy stored in the momentum of the moving parts 
of such machines. The stored energy in the rectifier is practically 
nil. Therefore an accident occurring to the power system is not 
aggravated nearly as badly by a rectifier load as by a rotary- 
converter load. 


The item of back-fire has already been mentioned by Mr. 
Jamieson, and I believe improvements are being made in the 
rectifier to do away with it, but in any event the back-fire in a 
rectifier is not more serious than a flashover on a rotary con- 
verter which I know we still get although not so frequently as 
during the times before barriers and are hurdles were installed 
over the commutators. 

O. K. Marti: This paper, written by an operating engineer 
who has had actual experience with equipment of this kind, is a 
very good contribution to the rectifier art in this country. It is 
highly desirable that more operating and service data be made 
available, because the mercury are rectifier is a device only 
recently introduced into this country, and although the rectifier 
is used to a very great extent in Europe, where there are installed 
more than 1500 cylinders with a total capacity of about 700,000 
kw., there are very few operating data available. 

I feel that Mr. Antoniono’s paper permits a comparison 
between the performances of rectifiers and rotary converters in 
a number of points, such as efficiency, overloads, service inter- 
ruptions, and the like. There is one point, however, on which it 
is very hard to come to an impartial conclusion, and that is in 
the matter of interruptions caused by back-fires (in the case of 
rectifiers) and by flashovers (in the case of rotary converters). 
Flashovers produce damage to brushes, brush-holders, commu- 
tators, and armatures, and very frequently put the machine in 
such a condition that it cannot render any service for several 
days. Backfires, on the other hand, do not cause an inter- 
ruption of service for more than a few seconds In making this 
comparison one has to keep in mind that in an automatic rectifier 
substation there is less auxiliary equipment than in an automatic 
rotary converter substation, and that a rectifier is stationary, 
while a synchronous converter is rotating. This is another 
fundamental difference which complicates the problem of making 
@ comparison. | 

I should like to point out partieularly some points relating to 
the table on the fourth page of Mr. Antoniono's paper, which 
gives a record of the shut-downs of the rectifier in question. You 
will notice that most of these shut-downs were due to the auxil- 
iaries, and not to the rectifier proper, as might be expeeted, and 
this peculiarity is also pointed out in the paper. It ean also be 
seen that the largest single item, 39 interruptions, was due to 
exeiter troubles, and 5 interruptions were due to the starting 
anode which is used to ignite and put the rectifier into operation. 
I should be pleased to have Mr. Antoniono tell us the failure of 
what particular part of the exciter caused these troubles. 

In the installation described in this paper, the arc is ignited by 
direct current supplied by a small motor-generator set. A 
starting anode is used which, when withdrawn from the mereury 
cathode, strikes an are. This interruption of the current fre- 
quently induces a high voltage in the starting circuit, which may 
cause a break-down of the insulation in the generator or a flash- 
over at its commutator. Brown Boveri employed a similar 
system of ignition and excitation and experienced similar troubles 
but as the result of extensive investigations they were able to 
devise an arrangement for using alternating current for these 
purposes. Although similar voltage surges occur in the a-c. 
system, it is much easier to insulate a transformer for these 
surges than a d-c. generator, and no troubles are experienced with 
the ignition and excitation system now in use. Furthermore, 


ANTONIONO: OPERATION OF MERCURY ARC RECTIFIER 


235 


the Brown Boveri rectifiers do not have any anode heaters nor 
tank heaters. 

It might also be interesting to note that the limits in the 
capacity of power rectifiers, which were at about 1000 kw. at 
600 volts, nominal rating, have now been raised, the American 
Brown Boveri company offering rectifiers for 6000 kw. at 600 
volts, nominal rating, at the present time. This shows that 
rectifiers ean be: built for capacities as large as and larger than 
rotary converters. Furthermore, there are no difficulties with 
rectifiers in connection with the frequency or the voltage. This 
is an achievement of great importance. It is therefore likely 
that Mr. Antoniono’s prediction that in 10 or 15 years the 
rectifier will take the place of the rotary converter, will come true 
even sooner. 

This increase in capacity was made possible by a recently 
made improvement, the basie idea of which dates back several 
years. Tests carried out on the latest types of large rectifiers 
for several months at loads greatly in excess of their capacity 
ratings have demonstrated their reliability, and therefore the 


future outlook for the mercury arc rectifier is an excellent one. 


Caesar Antoniono: The conclusion reached by Mr. H. M. 
Hobart on my paper is in general in accord with my ow 
conclusion. | 

The size of the substations units shown in Fig. 1 was decided 
on in anticipation of future increase in load. The rectifier 
however, was the largest that could be obtained at that time. 
While it is true that the load is carried by each converter in its 
respective section, it is also expected to be carried by the rectifier 
through its own section as shown in Fig. 1. I agree with Mr. 
Hobart that we should not arrive at any rigorous conclusion on 
this point at present regarding eost and rating. 

I do not eonsider that the installation of 1500-kw. units in 
these substations was unduly conservative, due to the fact that 
all of the synchronous converters shown in Fig. 1 have already 
flashed over, due to some disturbance or other which has passed 
by the high-speed circuit breakers into the d-c. feeders. 

I agree with Mr. Hobart’s deduction, that sustained overloads 
are perhaps the limiting conditions on the rectifier, and not 
the value of the momentary loads. I believe we should have 
further experience on this subject to support or disprove this 
conclusion. 

I believe it in order at this time to call attention to my dis- 
cussion on the mercury arc rectifier at Kansas City, March 18, 
1927,! in which reference is made to a case where one tank of the 
rèctifier under discussion was not carrying any load for over a 
week, unknown to the operator. The writer feels justified in 
assuming that during this time the working tank was carrying 
alone the (typical) load on graphic chart Fig. 3 without showing 
any sign of having been over-loaded. The assessment of 7 or 8 
per cent of the amount by which the rectifier substation’s effi- 
ciency will be higher for a 600-volt load of this character and to 
compare the initial cost on this correspondingly revised basis, 
seems to be a logical conclusion from the data given in my paper. 
However, we should be rather conservative at present and obtain 
more data before arriving at a conclusion, in order to avoid the 
possibility of leaving out some important factor. 

The discrepancy in efficiency as referred to in Mr. Hobart’s 
discussion is correctly quoted in his explanation of the load 
characteristics shown on Fig. 3. Two 500-kw. tanks of 6-anodes 
in 12-phase relation are employed. 

It was brought out that the number of devices in the future 
is going to be less. I agree with that, but in my paper I was 
speaking of present installation. Iam confident that the number 
of automatic devices for the mercury-are rectifier is eventually 
going to be reduced to fewer devices than required for the 
converter. 

Mr. Newbury brought out that the method of comparing 
the two efficiencies was not fair. I stated in my paper that this 
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method was not exactly correct. But from the point of view of 
the operator we are concerned with the total efficiency we are 
getting from the two different types of equipment, and that is 
what we are getting from this chain of stations under the existing 
conditions. He brought out the point that.a converter could be 
improved as to load factor and therefore the efficiency would be 
improved. If that is feasible, yes, but in our case it is not feasible 
because the load demand on one of these machines perhaps goes 
much above 150 per cent and is of very short duration. It may 
last one, two, or three minutes, and perhaps about five or ten 
minutes an hour, and that accounts for the very low efficiency 
we are getting out of the stations. The operator is interested 
in the efficiency he is getting out of his equipment under that 
condition. 

Rotary flashover was also mentioned. There are a number of 
rotaries that don’t flash over. We have about 22 rotaries, and 
they are subject to flashover in spite of all the protective devices 
used either with or without high-speed breakers. Up to this 
time the rectifier has done well. 

Mr. Withington stated that I am enthusiastic about the recti- 
fier. I am. From the experience we have had so far with the 
rectifier, I am very enthusiastic about it. 

Mr. Jamieson brought out the question of changing the anodes 
or similar maintenance work, and the number of hours before the 
rectifier can be put back into operation. That is one thing 
that as I mentioned in my paper we are not able to tell anything 
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about at this time, and we should like to know ourselves what this 
is going to be. I feel as Mr. Jamieson does, that improvement 
can be made or will be made to the extent of eliminating some of 
the present difficulties with the rectifier and that the future 
rectifier will be superior to the converter in every detail. 

I was informed that one manufacturer is using a carbon anode 
to eliminate trouble with seals. 

With regard to the cooling trouble, it was mentioned by Mr. 
Herz that there have been cases of electrolysis. I believe there 
are more or less cases of electrolysis, although we have had no 
experience with bad effects from electrolysis. I feel as Mr. Herz 
does, that perhaps there are other methods of cooling. I believe 
perhaps oil would be the solution of electrolysis. — 

In eonneetion with auxiliary trouble, I mentioned in my paper 
that we had trouble in d-e. motor generator sets due to poor 
operation of the exciters, or commutators, which in turn would 
result in a shut-down in order to correct it. 

Another trouble was with the driving ehain and motor on 
the water pumps. This was due to misjudgment of the amount 
of water necessary for cooling this particular rectifier. Using a 
high-speed motor to drive a pump would eause driving chain to 
jump off and result in a shut-down. 

A loose connection in the control circuit is one of the troubles 
typical of automatic control. Then there was trouble in a motor 
which was changed from a 3-phase induction motor to a single- 
phase motor. 
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Synchronous Motors for Driving Steel Rolling 
Mills 


BY W. T. BERKSHIRE: 
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Synopsis.—1t is the purpose of this paper briefly to discuss, 
from a practical standpoint, the application and design of synchro- 
nous motors for steel-mill main-roll drives, in an effort to show what 


RIVING main rolls of steel mills is universally 
recognized as very heavy duty. The loads are 
high, and are applied and relieved very suddenly. 

Consider the case of a motor driving a single stand, 
Fig.1. Between passes it will run with only 5 per cent 
to 10 per cent load, due simply to mill friction. As the 
metal strikes the rolls the load jumps almost instantly to 
possibly 100 per cent or 150 per cent of normal, and is 
as suddenly reduced when the metal leaves. This 
happens several times a minute. If such a drive 
has been properly selected, several passes on each bloom 
or billet may require 150 per cent to 175 per cent normal 
load on the motor. The load is intermittent in char- 
acter, so that the motor is selected with the idea of 
permitting some of the passes to come up to these 
limits, so long as the r. m. s. value of the load is within 
the normal rating of the motor. If the heavier passes 
are of not more than three or four seconds duration a 
flywheel may be utilized to reduce the peak loads on 
the motor and power system. 
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Fic. 1—RoLLING MILL, SINGLE STAND 

With a mill having a train of several stands as in 
Fig. 2 or with a continuous mill as in Fig. 3, the drive is 
not subjected to quite as severe shocks as with a single 
stand, for it is apparent that as a piece of metal enters 
the mill the stands are filled in succession until all are 
full. The load increases to the maximum value in a 
number of steps, and is similarly reduced. 

The torque required to start a mill from rest is often 
quite high in comparison to the capacity of the driving 
motor. This is especially true in cold weather, as 
very heavy grease is used on the roll necks and pinions, 
and this becomes very hard at low temperatures. Mills 
used for cold rolling thin sheets, which operate with 
very high pressure between the rolls and consequently 
on the bearings, may require as much as 200 per cent 
of normal motor torque to break them loose. 
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their advantages and disadvantages are; where they should, and where 
they should not, be used; and what special precautions must be taken 
in the design of motors for this service. . 


In addition to being able to start the mill, and carry 
heavy and sudden overloads, the drive must usually be 
capable of withstanding “plugging” in order to bring 
the mill quickly to a stop in case of a “cobble” or other 
mishap. Any piece of metal which fails to go through 


Fig. 2—RoLL TRAIN or THREE STAND? 


the mill properly is termed a “‘cobble.” As soon as 
the operator sees that the steel is not going through as 
it should, he “plugs” the motor by disconnecting it 
from the line and then applying power with reversed 
phase rotation. After the mill stops, if the metal is 
not clear of all the stands, the portions between stands 
are cut out and then the motor must start the mill in 
the reverse direction to back out the pieces in the rolls. 

Considering these conditions which a main roll drive 
must meet, it is not remarkable that for nearly all 
constant-speed electric drives induction motors of the 
wound-rotor type have been used. This type of motor 
has excellent starting characteristics, will carry heavy 
overloads, and withstands much abuse. In common 
with all induction motors, however, its power factor is 
lagging, and very much so in low-speed machines. 
Now, the main rolls and lay-shafts on heavy mills do 
not run at high speeds, and it is often desirable to 
direct-connect the motor, so that there are now in 
service many low-speed motors, operating at low power 
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3—Continvovus MILL 


factors. As a matter of fact, one reason for the use of 
25-cycle power in numbers of steel plants is that low- 
speed 25-cycle motors have better power factor than 
the corresponding 60-cycle machines. The use of 
higher speed motors driving through reduction gears 
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has helped the situation somewhat, but has still left 
much to be desired in the way of power factor 
improvement. 

Unquestionably the desire for a better operating 
power factor has been the chief factor in bringing the 
synchronous motor into consideration in steel mill 
service. It possesses, however, advantages other than 
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This motor has a greater continuous horsepower rating than any other 
motor in industrial service. 


its good power factor, as well as some disadvantages, 
and these will be brought out in the following detailed 


comparison of the characteristics of the two types of 


machines. 
FIELD OF APPLICATION OF SYNCHRONOUS MOTOR 
The field of application of the synchronous motor 


in main-roll service is limited to strictly constant-speed _ 


drives. This eliminates it from consideration on 
reversing mills,—mills requiring flywheels, and mills 


: needing adjustable speed. 


It is not as a rule advisable to attempt to apply it to 
any type of mill which may have to be started with 
metal in the rolls, such as a cold strip mill, nor to cold 
sheet mills, which have excessively high friction. Such 
mills may require at starting considerably more torque 
than is needed to carry their full load at full speed, and 
unless the motor is sufficiently small in comparison to 
the power system so that it can be started at full voltage, 
diffieulty may be experienced in getting started and 
synchronized. ' 

In connection with constant-speed continuous mills 
of the type shown in Fig. 3, looping mills as illustrated 
in Fig. 2, and in fact, almost any constant-speed hot 
metal mill, the synchronous motor deserves very careful 
consideration. Every individual case must be studied 
very thoroughly to make certain that no misapplica- 
tions are made. Careful thought must be given not 
only to the full-load rating required, but also to the 
maximum torque that may be necessary to break the 
mill from rest under the most adverse conditions; to 
the maximum torque needed at pull-in; to the torque 
required to back out cobbles; to the maximum peak load 
that may be encountered; to the kv-a. demand that the 
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power system can stand without disturbance, while 
starting the motor; and last, but not least, to the charac- 
teristics that can be obtained in the motor, to determine 
whether it can meet the requirements. 


STARTING CHARACTERISTICS 
Practically the only reason synchronous motors have 
not been widely used on mill drives in the past is because 
their starting characteristics are not so desirable as 
those of the wound-rotor induction motor. For .100 
per cent kv-a. input the induction motor develops 


approximately 100 per cent rated torque at starting, 


whereas the synchronous motor will give from 30 per 
cent to 60 per cent starting torque with the same kv-a. 
input at a much lower power factor. However, the 


torque obtainable from a synchronous motor is ample 


to start most types of mills, and its other advantages 
make it the logical choice in many eases. 

By proper design, good starting torque character- 
isties, as shown in Figs. 5 and 6 can be obtained in mill 
type synchronous motors with a single squirrel-cage 
winding. The double squirrel-cage has, at times, been 
considered, but in each case it has been found that by 


. the proper choice and distribution of materials in the 


bars and rings, the proper spacing of the bars. with 
respect to the stator slot pitch and the depth and width 
of the slots in the pole face over the bars, the torque 
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Power Factor, 187-Rev. PER Maın., 6600-Vorr, 25-CYCLB 
SYNCHRONOUS Mormon, FROM Test DATA 


requirements have been amply met with a single squirrel- 
cage. In practically all cases it has been found possible 
to obtain more than sufficient torque to start and bring 
the mill to synchronous speed, or to even back out a 
cobble, with from 70 per cent to 100 per cent normal 
kv-a. input. Unlike that of the squirrel-cage induction 
motor the squirrel-cage of the synchronous motor ean 
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be changed in design at will, with a corresponding 
change in torque characteristics, without affecting the 
efficiency of the synchronous motor during its normal 
operation under load. 

The curves shown give the torque and kv-a. values 
with full voltage applied to the motor. In normal 
operation of course, these large motors are started at 
reduced voltage obtained from a suitable auto-trans- 
former. For example, the 6500-hp., 187-rev. per min. 
motor for which starting torque and kv-a. curves are 
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SvNcHRONOUS Motor, FROM Test Data 


shown is regularly started on 32 per cent voltage. 
Since the starting torque and kv-a. input varies as the 
square of the voltage, it is apparent that under this 
condition the motor demands only 60 per cent of 
normal kv-a. and gives about 35 per cent of its normal 
torque. This has proved ample to start the mill under 
all conditions. Similarly, a 9000-hp., 107-rev. per 
min. motor is always started at 32 per cent voltage, 
giving 27 per cent of normal torque with 70 per cent 
normal kv-a. 

The 'pull-in" torque, or the torque available at 
approximately 95 per cent synchronous speed before the 
application of field, must of course be in excess of the 
mill friction at this speed, but can be considerably less 
than the starting torque, as the latter must overcome 
the “dead” friction of the mill with the bearings 
practically dry. 

The fields of these motors are usually wound for 
250-volt excitation, and if the field were left open- 
circuited at starting the induced voltage across the 
rings, with 33 per cent normal voltage applied to the 
stator, would be from 5000 to 10,000 volts. In order to 
protect the operators from the induced field voltage it 
is the practise when starting, to close the field circuit 
through a discharge resistance. While this increases 
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the starting current and decreases the starting torque 
to some degree, it also increases the pull-in torque. 
The amount and capacity of this resistance to give the 
best torque characteristics can be determined by 
calculation. 

A synchronous motor may be plugged for a quick 
stop, by first opening the “forward” breaker and 
removing field, then closing the "reverse" breaker and 
connecting the motor to the starting tap of the auto- 
transformer. The current drawn when plugging is 
approximately 15 per cent more than the starting 
current, and the torque developed about 75 per cent of 
the torque at starting. 


MAXIMUM TORGUE 


A synchronous motor can be designed for fully as high 
maximum or pull-out torque as an induction motor and 
for steel mill service this pull-out torque varies from 
225 per cent to 300 per cent of normal full load running 
torque. The synchronous motor has the advantage 
that for any reduction in applied line voltage the pull- . 
out torque decreases only in direct ratio to the voltage, 
whereas the torque of an induction motor decreases as 
the square of the voltage. Furthermore because of its 
better power factor, the synchronous motor helps to 


- maintain the voltage at its terminals; consequently the 


drop in line voltage due to a given load is not likely to 
be so great as if an induction motor were used. 


POWER FACTOR 


One of the most desirable features of the synchronous 
motor is its ability to improve the power factor of the 
system on which it operates. It is usually designed to 
give a leading power factor at normal load, and will then 
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Fig. 7—APPROXIMATE REACTIVE Kv-a. AVAILABLE FOR POWER» 
Factor CORRECTION, WITH FIELD EXCITATION CONSTANT AT 
NorMAL Loap VALUE 


furnish a considerable amount of corrective kv-a. at all 
loads up to a considerable overload, as shown in 
Fig. 7. The low power factor of low-speed induction 
motors, particularly 60-cycle machines, has necessi- 
tated the use of reduction gears in some cases where for 
other reasons a direct drive would have been preferable. 
The use of synchronous motors permits direct drive 
with low-speed machines, operating at unity or leading 
power factor. 
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EFFICIENCY 


Two curves are shown, illustrating the very high 
efficiency obtained from large synchronous motors, 
both 25 and 60 cycles. The fact that approximately 
75 per cent efficiency is obtained at 5 per cent of normal 
load is quite noteworthy. l 


The full-load efficiency of synchronous motors for 
steel mill service varies from 0.5 per cent to 2 per cent 
more than that of the corresponding induction motors. 
This better efficiency of course means some saving in 
power cost. | 


OPERATING VOLTAGE 


Synchronous machines can very readily be built for 
any operating voltage up to and including 13,200. 
While à very few induction motors are operating at 
18,200 volts, it is better practise not to exceed 6600 volts 
on an induction motor, as the design becomes difficult 
and the machine expensive. 


l Per cent Load 3 

Fig. 8—Erriciency or 9000-HP., 1.0-Power Facror, 107- 

Rev. Per Min., 6600-VoLT, 25-Cyrcte SyncHronovus Moror, 
FROM Test DATA 


EXCITATION 


. One disadvantage of the synchronous machine is that 
it requires a separate source of excitation, while the 
induction motor does not. On an important drive it 
is wise to employ an individual exciter, either direct 
connected or driven by a separate motor. The excita- 
tion voltage is always 250, so that as an emergency 
source the 250-volt d-c. power circuit which exists in 
all steel mills ean be used. 


FLOOR SPACE 


'The amount of floor space required by a synehronous 
motor is almost invariably less than that needed for an 
induction motor of the same rating. One reason for 
this is that it is the usual practise to make the motor 
base long enough so that the stator can be moved along 
the shaft a sufficient distance to make both rotor and 
stator windings accessible for cleaning or repairs. 
The rotor of an induction motor is inherently somewhat 
longer than that of a synchronous motor, because of the 
space required for the end connections of the coils on 
the former, and this necessitates a greater space for 
movement of the stator. 


l 
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The following table shows the relative base dimen- 
sions of the two types of motors, for several different 


ratings: 
Floor Space 

Rating Synchronous Motor Induction Motor 

Rev. 
H.P. permin. Cycles Ft. In. Ft. In. Sq.ft. Ft. In. Ft. In. Sq.ft. 
9000 107 25 18 Ox24 8 2445 20 7x 25 O = 515 
6500 187 25 17 5x15 7 = 272 16 7x19 3 = 319 
5000 100 60 13 2x 2111 = 288 16 8 x 23 11 = 398 
5000 240 60 13 8x14 2 = 195 14 Ox 16 O = 224 
5000 83 25 14 3x19 9 - 282 15 Ox 20 O = 300 
1500 300 25 1010 x11 8 = 123 12 3x11 9 = 143 
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Fig. 9—Erriciency or 5000-H.P., 0.85-Powrr Factor, 240- 
Rev. PER Mın., 2200-Vorr, 60-CYcCLE SYNCHRONOUS MOTOR 
FROM Test DATA 
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SPEED CONTROL 


Control, or rather adjustment, of the speed of a syn- 
chronous motor in mill service is of course impractical, 
and its use must, therefore, be confined strictly to 
constant-speed mills. This fact also eliminates it 
from consideration on any so-called constant-speed 
mill on which a flywheel is necessary, for to get any 
beneficial effect from the wheel the speed must vary 
inversely with the load. 

The fact that the motor runs at truly constant speed, 
except for what variation in frequency occurs on the 
system, is an advantage on some types of mills. For 
example, if the product from a continuous mill of the 
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type shown in Fig. 3 is cut into lengths by a flying 
shear, as it leaves the mill, the lengths will be more 
uniform if the mill speed is absolutely constant than if 
it varies slightly. | 


COST 


The cost of a synchronous motor, of the capacity used 
for main roll drives, complete with exciter and control, 
is usually less than that of a similarly rated induction 


Fig. 11—Partty Wounp Srator, SHowiNa METHOD OF 


BRACING THE COILS 


motor. For machines of medium capacities, speeds, and 
voltages, the differential is not great, but for large 
low-speed units, the synchronous machine is consider- 
ably less expensive. | 


RELIABILITY AND EASE OF REPAIR 


From the standpoint of reliability it can hardly be 
said that either type of motor has the advantage. A 
machine any more reliable than the well built mill-type 
induction motor has proved itself to be, would be 
difficult to find, but there is no reason why the syn- 
chronous motor should not have an equally good record 
in the years to come. | l 

As far as ease of repairing is concerned, the stators of 
the two machines are practically on a par. The coils 
of the synchronous motor are somewhat larger and 
heavier as a rule, but there are fewer of them. The 
rotor of a synchronous motor could probably be re- 
paired more quickly than that of an induction machine. 
The fact that the synchronous motor has a fairly large 
air-gap helps to facilitate the moving over of the stator 
for cleaning or repairs. 


_ CONSTRUCTION 
Obviously the details of design and construction 
described in the following paragraphs apply to motors 
built by the company with which the writers are 
associated. The practise of other manufacturers may 


- differ in some respects. 


The mechanical and electrical construction of the 
mill-type synchronous motor is fully as sturdy and 
reliable as that of the mill-type induction motor. The 
quantity and kind of the materials used are such that 
all stresses are kept within a conservative minimum. 
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The stator frames of the earlier motors of this type 
are of castiron. Those built within the past year and a 
half, however, are fabricated of steel plates securely 
welded together and braced to form an exceedingly 
strong and rigid structure. To the inner periphery of 
the frame are welded steel dovetailed keys. The core 
laminations are held on these keys and clamped be- 
tween heavy welded steel finger flanges. Air ducts are 
provided in the core and complete ventilation is further 
accomplished by the use of air-slide wedges. 

Because of the size and weight of the stator coils in 
these large motors they are insulated very carefully to 


- protect them from mechanical injury. After their 


assembly in the stator the end projections are securely 
laced to insulated steel bracing rings which are sup- 
ported from the stator frame. The larger machines 
are supplied with resistance temperature detectors. 
The stator coils are liberally designed to safely take care 
of sudden overloads or the condition where the motor 
may be required to develop its maximum torque as an 
induction motor. . | EE | 

The rotor spiders of the machines of small diameter 
are built up of laminations punched from heavy steel 
plates, those of larger diameter being of cast steel. 
The laminated pole pieces are either dovetailed into 
the punched rotor or secured to the cast rotor by 
means of bolts serewed into steel keys imbedded in the 
pole pieces. E | | 

The field windings are usually of edgewise-wound : 
copper strip. Here again great care is given to the 
insulation between the turns of the winding, and of the 
coils as a whole from the pole pieces and rotor spider. 
One of the recent improvements in design consists in 
the addition of fins to the ends of the field coils which 


Fig. 12—Roror WITH Cast STEEL SPIDER 


are made by simply projecting every second or third 
turn during winding. These fins provide an increased 
area of radiating surface on the ends of the coils 
and have proved very effective in reducing ithe field 
temperature. , lex re 

Since, at times, these motors may be required jto 
develop their maximum torque as induction motors, 
considerable attention is given to the heat storage 
capacity of the amortisseur winding, the materials 
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used being such that their strength will be retained at 
high temperatures. The bars are silver soldered into 
the end-ring. segments. The end-ring segments have 
bolted joints between poles so that each individual 
pole may be readily removed from the rotor without 
disturbing the others. 

The specially designed mill-type pedestals are 
securely bolted to both the base and foundation. They 
are equipped with babbitted thrust collars when this 
feature is desired. These pedestals are insulated from 


Fic. 13—Roror WITH LAMINATED SPIDER 

the base to eliminate the possibility of shaft currents. 
The spherical-seat, self-alining bearings may be 
equipped with temperature relays. A liberally designed 
ring oiling system insures‘ ample lubrication but in 
addition, provision is made so that flood lubrication 
may be applied. 

The base is provided with rollers under the carrier 
plates supporting the stator feet in order that the stator 
frame may be easily moved in a direction parallel to 
the shaft. The carrier plates are keyed to the base in 
order to maintain the alinement of the stator frame 
during this movement. 

Air heaters may be installed in the lower halves of the 
stator frames of these motors to prevent the possible 
accumulation of moisture on the windings in case the 
mill is idle for any considerable length of time. 


CONTROL 


A few main-roll synchronous motors are started. 


at full voltage, but most of them are so large that 
such practise is not desirable because of the result- 
ing demand on the power system. Consequently, 
an auto-transformer is usually employed to give reduced 
voltage for starting. For some of the largest machines 
it has proved desirable to employ two reduced voltage 
steps in the starting operation, and to meet this con- 
dition the combination Korndorfer and reactor method 
illustrated diagramatically in Fig. 14 has been de- 
veloped. 

The sequence of operations for starting, stopping, or 
plugging the motor is initiated by the simple movement 
of the handle of a master switch placed near the mill, 
and the operation is completed automatically under the 
control of relays on the control panel. 
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We will assume that the motor is at rest.and that the 
operator throws the handle of the master switch to the 
“forward” position. Oil circuit breaker A closes at 
once, establishing the neutral connection of the auto- 
transformer,—F follows immediately, connecting the 
line end of the auto-transformer to the line and 
thereby applying the first step of reduced voltage to 
the motor. With this voltage the motor should start 
and gradually increase its speed. 

When it reaches a predetermined speed, usually from 
50 per cent to 75 per cent of synchronism, as indicated 
by the frequency obtained from a small pilot generator 
on the main motor, a relay operated in response to the 
frequency causes breaker A to open, and immediately 
thereafter breaker B closes. B connects the motor 
to the line through the reactor. The reactor is so 
proportioned that the voltage drop across it at the time 
it is connected in the circuit is sufficient to reduce the 
voltage at the motor to a value between the line voltage 
and that given by the auto-transformer tap. As the 
motor speed increases, the current will drop and the 
voltage at the motor terminals will rise. 

When the motor reaches approximately 95 per cent 
synchronous speed, as determined by a relay which 
operates only when the difference between the line 
frequency and the pilot generator frequency is 5 per 
cent or less, field excitation is applied, of sufficient value 
to give approximately unity power factor. This pulls 
the motor into step, and so reduces the current drawn 
by the motor through the reactor that the voltage at 
the motor terminals increases almost to the line value. 
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Fig. 14—ELEMENTARY DiAGRAM OF COMBINATION 
KoORNDORFER AND REACTOR METHOD OF STARTING 
SYNCHRONOUS MOTORS 


After a short-time interval, breaker C closes, B 
opens, and the field excitation is automatically increased 
to the full value. 

It will be noted that at no time during the sequence 
of starting operations is the motor entirely disconnected 
from the line. Furthermore, owing to the use of the 
reactor, the transition from the second starting voltage 
to the line is made with extreme smoothness. 

Protection is provided against under-voltage, loss of 


qb our RSS wee Del pape 


fa 


i84 3 4d 6n l7 


Nov. 1927 


excitation, and failure to synchronize within a definite 
interval after the master switch is operated. 

The control equipment for a synchronous motor 
involves more oil circuit breakers than does that for 
an induction motor, but the latter requires a number 
of large contactors and resistors for its rotor circuit, 
with relays for controlling the same. Neither is 
especially complicated in installation or maintenance. 
So far as the mill operator is concerned, he simply 


moves the handle on one kind of master switch to start. 


either type of motor. 


INSTALLATIONS 


A considerable number of synchronous motors is now 
installed or being built for main roll service. Those 
supplied by one manufacturer include the following: 

A 9000-hp., 107-rev. per min., 25-cycle, 6600-volt 
unit is driving a continuous sheet bar mill at the 
Cleveland plant of the Corrigan-McKinney Steel 
Company. This motor has a higher continuous horse- 
power rating than any other motor in industrial service 
in this country. | 

Two motors, one 6500-hp., 187-rev. per min. and the 
other 4000 hp., 83 rev. per min., 25 cycles, 6600 volts, 
form part of the drive of a continuous skelp mill at the 
Bethlehem Steel Company's Sparrows Point plant. 

A 5000-hp., 240-rev. per min., 60-cycle, 2200-volt 
synchronous motor is being installed to drive a tube 
piercing mill at the Standard Seamless Tube Company's 
plant at Economy, Pa. 


The Continental Steel Corporation, Kokomo, Indiana, 


has purchased a 5000-hp., 100-rev. per min., 60-cycle, 
2200-volt motor to be used in driving a continuous sheet 
bar mill. 

The Copperweld Steel Company of Glassport, Pa. 
will use three 60-cycle, 2300-volt synchronous motors, 
one 600-hp., 400-rev. per min., one 600-h. p., 514-rev. 
per min. and one 600-h. p., 900-rev. per min. to drive 
various merchant and rod mill stands. 

Two 400-hp., 720-rev. per min., 60-cycle, 4600-volt 
motors have been purchased by the Higgins Brass and 
Manufacturing Company, Detroit, Michigan, to drive 
brass and copper mills. 

Another manufacturer has built several synchronous 
motors for seamless tube mill service, some of them 
being for. piercing mills and some for tube rolling mill 
drives. 


CONCLUSION 


The foregoing discussion, we believe, has made clear 
that the synchronous motor is a real competitor of the 
wound-rotor induction motor for some types of main 
roll service. The number of installations which have 
been made within a comparatively short space of time 
certainly proves this contention. The synchronous 
motor has certain definite advantages, such as better 
power factor, efficiencies, and cost, which make it very 
attractive. Its starting characteristics are not so good 
as those of the induction motor, but for many drives 
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they are sufficient and on those mills it can often be 
used to advantage. 


It seems safe to predict the widely increasing use of 
the synchronous motor in mill service, and with this 
prediction goes the hope that such motors will be 
applied, designed, and built only with a full knowledge of 
the demands of the load and the limitations of the 
motor. | 


Discussion 


H. V. Putman: Mr. Berkshire classifies the application of 
synchronous motors to cold strip rolling mills as undesirable 
because of the high starting torque (usually 200 per cent) 
required. We already have one installation of a synchronous 
motor on a cold strip mill starting up under 200 per cent of 
normal torque and giving entire satisfaction. 

The principal problem in applications of this kind is to obtain 
the necessary starting torque with a reasonable inrush kv-a. 
Recent developments in synchronous motors indicate that it is 
possible to obtain these high values of starting torque with 
little more inrush kv-a. than would be required by a normal 
wound-rotor motor. 

As an example, we are now building a low-speed synchronous 
motor for driving a ball mill in a roek-erushing plant. This 
mill requires approximately 200 per cent starting torque and 
slightly over 100 per cent pull-in torque. This synchronous 
motor will deliver 200 per cent starting torque with about 
390 per cent inrush. In fact, the starting torque may be varied 
at will from about 160 per cent torque to 235 per cent, the inrush 
being almost proportional to the torque. The calculated pull- 
in torque is 125 per cent. 

Now this is almost as good torque per kv-a. as would be ob- 
tained from an ordinary slip-ring motor. While the slip-ring 
motor will give 100 per cent torque with 100 per cent kv-a. to 
get 200 per cent torque at starting it is necessary to reduce the 
resistance in the rotor circuit so that its power factor is much 
poorer. Also, it should be remembered that the normal kv-a. 
on which the per cent inrush is based, is figured on a power factor 
considerably less than unity, especially on low-speed machines. 
The slip-ring motor would therefore give 200 per cent starting 
torque with an inrush of about 350 per cent based on unity- 
power-faetor kv-a. This is to be compared with the 390 per cent 
inrush for the special synchronous motor mentioned above. 
This leaves the slip-ring motor but little advantage for applica- 
tions requiring high starting torque. 


While some features of this new motor are still experimental, 
it may be said at this time that it is of the salient-pole construc- 
tion and has the high efficiency and low exciter capacity charac- 
teristic of machines of this type. 


In view of these recent developments, I think it is reasonable 
to predict that in the near future synchronous motors will be 
recommended and used for any constant-speed, non-reversing 
drive, regardless of the starting duty. 


There are two other points I should like to comment on: the 
matter of power factor and the construction of damper windings. 


I think most users of synchronous motors have the idea that 
unity-power-factor motors are cheaper than 80 per cent power- 
factor machines. This is ordinarily true, but it is not true of 
motors having a pull-out torque of between 250 per cent and 
300 per cent. An 80 per cent motor costs no more than a unity- 
power-factor motor when the pull-out torque is between these 
values. Invariably the electrical manufacturer prefers to supply 
the leading-power-factor machine because it has a lower mag- 
netizing current and hence better starting characteristics. 
Leading-power-factor motors are therefore to be recommended 
when high pull-out torque is required. When no corrective 
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kv-a. is required, then a 90 per cent power-factor machine 
represents a desirable compromise. 

The best damper winding, judged from its heat-storage 
capacity, is one in which the damper bars are buried in the pole 
iron for their entire length, no portion being left exposed to the 
air. This is because practically all the heat is generated in the 
damper bars. They have small heat capacity in themselves, 
but when buried in the iron of the pole face the iron conducts the 
heat away from the bars into the pole body, where there is 
unlimited capacity for storing it during the starting period. 
Experience shows that a portion of the damper bars exposed to 
the air is the first part to fail when a damper winding is allowed 
to burn out 


A 4000-hp. steel-mill motor now being built has a damper 
winding in which the bars are buried in the pole iron for their 
entire length. 


B. A. Behrend: The use of synchronous motors for the 
driving of rolling mills is certainly greatly to be commended. 
The synchronous motor is more robust and less liable to break- 
down and, when in need of repair, such repair is more readily 
and easily made. Its overload margin can be made at least 
equal to that of the induction motor; its power factor can be 
made anything required, leading or lagging; its speed can be 
made low as there is not the same difficulty in taking care of a 
large number of poles which causes the low power factor of the 
induction motor. On this point the simple rule which I gave 
years ago (“The Induction Motor," its Theory and Design, now 
available in a new edition as ‘‘The Induction Motor and Other 
_Alternating-Current Motors," McGraw-Hill Book Co., 1927) 
might be useful to the steel engineers who are not familiar with 
the design of electrical machinery. This rule is: Maximum 
Power Factor = 1:(2 ø + 1), where @ is the leakage coefficient 
which is proportional to the air gap multiplied by a constant 
dependent on design and divided by the pole pitch. For 5000 
hp. at 100 rev. per min. and 60 cycles there are required 72 
poles which, with a rotor diameter of 15 ft., corresponds to a 
pole pitch of about 8 in. Given an air-gap of 1/16 in., a leakage 
factor of about 0.08 results. Substituting this for g in our 
formula for the power factor, we obtain (cos Ø)maz =1:(1+2 X.08) 
or 0.86. Such motors have been built and the small air-gaps 
have operated satisfactorily but that is a different story from 
recommending them when other solutions are available. Next, 
the synchronous motors are more readily wound for high voltage 
and the stator windings are more secure for the same voltage; 
there remain as the principal difficulties the starting torque and 
‘the hunting in regard to which the induction motor is superior. 

The starting torque of the synchronous motor could be 
raised by methods of pole face windings with resistance and 
slide rings but such motors have not been popular, a character- 
istic which appears to apply to most 'eombination" devices. 
‘There remains the alternative of employing clutches which 
allow easy starting and much will be done in this direction. 
There are in use abroad centrifugal pulleys or pulleys with 
centrifugal devices in them, which permit starting without load. 
Similar schemes will be used here as soon as the demand for 
‘them is going to be felt which will be in the immediate future. 

Thus there remains the characteristic of hunting which can 
“be overcome readily by calculating the natural period of oscilla- 
‘tion of the synchronous motor at the excitations at which it 
operates and increasing or decreasing the mechanical inertia 
.of the revolving parts so as to secure a coefficient of resonance 
which corresponds to a small increase in the amplitude of oscilla- 
tion of the rotor. This assumes the knowledge of a period of 
‘forced oscillation which is not always capable of being estimated. 
It can be estimated in motors driving compressors, for instance. 
As the synchronous motor requires a powerful low-voltage 
winding on the rotor, this winding will act as a circuit in which 
the energy of oscillation can be quickly dissipated thus leading 
‘to a rapid decay of the oscillation without causing disturbance 
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in the system. The summary favors preponderantly the syn- 
chronous motor over the induction motor for slow-speed low- 
starting torque, non-reversible applications. 

F. C. Hanker: The following table gives practically a con- 
plete list of synchronous motors of 300 hp. and above installed 
annually to drive various mills in the metal industry. 


Year Hp. Units 
1913 500 1 
1918 1350 1 
1924 1600 3 
1925 18100 13 
1926 12000 3 
1927 27100 17 
60650 38 


The first main-roll electric drive installed in the United States 
was put in service in 1905, and by the end of 1924 the total eleetrie 
hp. on main-roll drives was approximately 1,354,600, of which 
3450 hp. was synchronous motors. Since 1924 the total hp. 
of electric motors installed for driving rolling mills has increased 
42 per cent and the synehronous-motor hp. has increased 1750 
per cent. At the present time the synehronous-motor hp. on 
rolling mills is approximately 60,000, practically all of which has 
been placed in the last three years. , 

A partial list of types of mills now being driven by synchronous 
motors follows: 

Continuous sheet bar and billet mill 

Continuous skelp mill 

Piercing mill 

Tube rolling mill 

Tube rolling and sinking mill 

Merchant roughing mill 

Merchant finishing mill 

Cold sheet mill 

Copper rod mill 

Brass and copper sheet mill. 
In addition to the above, some smaller synchronous motors are 
being used for wire drawing. 


Two or three of the above types are generally driven by wound- 
rotor induction motors in connection with flywheels. By 
properly proportioning the synchronous motor a successful 
application can be made on these mills, omitting the flywheel 
and using synchronous motor drive. This is, of course, only 
practical when the power system supplying the motor is of suffi- 
cient size that the mill peaks are not objectionable, as these peaks 
cannot be equalized if the synchronous motor is used. These 
peaks on the motor will increase the r. m. s. value of the load so 
there is needed a somewhat larger synchronous motor, than if a 
type utilizing a flywheel were used. This is partly offset by the 
decreased friction and windage losses incident to the omission of 
the flywheel. 


It has been stated that the cost of a steel-mill synchronous 
motor is usually less than a similarly rated induetion motor. 
Therefore, the fact that in some special cases a somewhat larger 
synchronous motor may be required to replace successfully a 
given size induction motor, does not seriously handicap the 
synchronous-motor installation from the cost standpoint. 


The most recent application of a synchronous motor for rolling- 
mill service includes a 4000-hp., 2200-volt, 3-phase, 60-cyele, 
450-rev. per min. unit for driving a continuous billet-roughing 
mill. 


It would appear from the above that the author’s prediction 
of a widely increasing use of synchronous motors in mill service 
is amply justified. 

B. G. Jamieson: I should like to know why, in a recent 
installation of a large steel mill in Chicago, on which I under- 
stand several large manufacturers were consulted, a slip-ring 
motor was finally chosen, a 6000-hp. motor. 
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G. A. Chutter: (communicated after adjournment) The 
writers of this paper state that the synchronous motor is not 
adaptable to drives requiring reversal or speed adjustments. 
They further limit the field of the synchronous motor to drives 
not requiring a fly wheel, and exclude this type of motor from 
. certain applications where the metal is eold-worked and the 
motors must be capable of starting under 200 per cent torque with 
metal in the rolls. Such drives are the cold strip mills and cold 
sheet mills. Approximately 90 per cent of the cold strip mills 
are driven by d-c. motors having a speed range of two-to-one, or 
greater. This speed range is necessary if the mill is to roll a 
wide variety of products, and the synchronous motor is barred 
from this field on account of its inability to supply this speed 
range, as well as on account of the high inrush kv-a. incident to 
the starting torque required. 

In the ease of the cold sheet mills there may be some possi- 
bility of applying the super-synchronous motor as described by 
Mr. Berkshire. This motor requires very little starting torque, 
eonsequently the stator may be brought up to speed with very 
small kv-a. inrush. The load is brought up to speed by applying 
a brake to the stator, so that a minimum peak demand is made on 
the line. This motor has the disadvantage of being somewhat 
more expensive than the synehronous motor, and having, in 
addition to the usual control equipment, a stator brake. This 
motor has given a very satisfactory account of itself in the cement 
mills. 

Attention should not be diverted too much from the require- 
ments of the major part of the field in whieh the synehronous 
motor is the logical contender, to a relatively small part of the 
field where its choice is more questionable. In the major part 
of this field, as outlined by Messrs. Winne and Berkshire, it is 
not so much what torque the synchronous motor will develop at 
full voltage as the torque per kv-a. that the motor will develop. 
Load curves similar to that shown in Fig. 5 of this paper will be 
found very satisfactory for most of these applications. Without 
drawing more than 100 per cent kv-a. we can have a starting 
torque of 58 per cent on the 41.5 per cent voltage tap of the auto- 


SYNCHRONOUS MOTORS FOR DRIVING STEEL ROLLING MILLS 


245 


transformer, and a ''pull-in" torque of 61.5 per cent at 100 kv-a. 
on the 75.5 per cent voltage taps of the auto-transformer. These 
torques are satisfactory and the motor may be connected to the 
line without exceeding 100 per cent kv-a. It will be noted 
from the data shown in Fig. 5 that the torque per ampere at 
starting is approximately in the ratio of 1 to 1.73. 

W. T. Berkshire: I should like to corroborate Mr. Putman’s 
statement regarding the cost of synchronous motors required to 
develop anything over 200 per cent pull-out torque. 

We have found it true, also, that it costs no more to build an 
0.8-power-factor machine than it does a unity-power-factor 
machine to develop this pull-out torque. This 9000-hp. motor 
to which I have referred was built for unity power factor wholly 
because of the customer’s wishes. 'The power factor in his plant 
was very nearly unity and he did not want any leading power 
factor because it would mean just as mùch drain on his generat- 
ing system as if the power factor were lagging. i 

In order to obtain the pull-out torque on this machine, the 
air gap was 7$ in. 

When speaking of machines required to develop 200 per cent 
starting torque, I had in mind the ordinary, straight synchronous 
motor as we usually understand it. 

We have also built a number of smaller machines for cold 
strip and cold sheet mills of the super-synehronous motor type. 
In this type of machine, the stator revolves during the starting 
period. It is started as an induction motor with the stator 
revolving, and after the stator comes to synchronous speed and 
excitation is applied with the rotor standing still, the brake is 
applied to the outer periphery of the stator and the load gradually 
brought to speed. This machine, of course, can develop the 
whole of its pull-out torque throughout the whole of the starting 
of the load from initial start to synchronous speed. ` 

We have never tried to apply this machine to motors having a 
range of 6000, 8000, or 9000-hp., but there is no reason why it 
should not be done. For that reason, I don’t see why eventually 
we should not be allowed to drive cold strip mills with the syn- 
chronous motor. 


The Chicago Regional Power System 


BY E. C. WILLIAMS: 


Member, A. I. E. E. 


Synopsis.—T his paper is a general description of the inter- 
connected power systems in the region surrounding and including 
Chicago as a center. The electrical energy generated in this region 
in 1926 was over 4,000,000,000 kw-hr. and the combined generating 
capacity of the three largest companies was 1,840,000 kw. The 


HE design of any electricity supply system should 
be coordinated with the geographical, industrial 
and social character of the community which it 

serves. The electricity supply systems of the Chicago 
territory are in a rather unusual position in this respect 
because of the potential resources, both industrial and 
commercial, of the territory served. Chicago, due 
to its location, has been since the beginning in an 
excellent position to command an enormous growth. 
Being near the center of a great agricultural district 
with coal, ore, lime-stone, and other deposits close at 
hand, with excellent transportation facilities both by 
rail and water, it is not surprising that it has grown 
from a village of 4500 people in 1840 to a city with a 
population of 2,700,000 at the time of the last official 
census and now estimated at 3,700,000. The Chicago 
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Fig. 1—QENERATING CAPACITY AND MAXIMUM LOAD IN THE 
Cuicaco REGION i 


Regional Planning Association estimates that by 1930 
there will be a population of 4,891,600 within a radius 
of approximately 50 mi. of Chicago. 

This industrial and commercial activity has created 
a demand for electric power which has been met by 
what has been called “‘the greatest pool of power in the 
world." According to the U. S. Geological Survey 
73,791,064,000 kw-hr. of electrical energy were 
generated in 1926 by utility companies in the United 
States and 4,128,455,000 kw-hr. or 5.6 per cent were 
produced in the Chicago region. 

The principal companies serving this area are as 


1. Electrical Engineer, Public Service Company of Northern 
Illinois. . 

Presented at the Regional Meeting of District No. 6, of the 
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paper outlines important featurés of major stations and trans- 
mission and distribution systems and gives plans for the future 
developments. It also explains the contract for interchange of 


energy among the three largest companies. 
* * * * * 


follows: Commonwealth Edison Company, Public Ser- 
vice Company of Northern Illinois, Northern Indiana 
Public Service Company, and Illinois Power & Light 
Corporation. The combined load of the three larger 
Companies, namely, the Commonwealth Edison Com- 
pany, the Publie Service Company of Northern Illinois 
and the Northern Indiana Publie Service Company 
all of which are operated by the same interests has 
shown a .growth in the last decade as shown in 
Fig. 1, the maximum load being below 400,000 kw. at 
the beginning of 1916 and being slightly above 1,000,000 
kw. at the peak load period in 1926. 

The stations of these three companies with their 
present capacities are shown in the following tabulation: 


PRESENT GENERATING STATION CAPACITIES IN THE 
CHICAGO REGION 


Commonwealth Edison Company 


Crawford Avenue Station........... '.. 824,000 kw. 
Calumet Station.............- eee enr 187,500 
Fisk Street Station................... 230,000 
Northwest Station............ eee 165,000 
Quarry Street Station............. ss. 84,000 
Miscellaneous........... eee TEMP 65,060 
1,055,560 kw. 
Public Service Company of Northern Illinois 
Waukegan ccs e.a ewes eee Ged 110,000 kw 
JONG i aise PVA RSS ne erie aes 60,000 
Blue Island... ose eaa urs 43,000 
Miscellaneous........... eee nn 34,790 
237,790 kw. 
Northern Indiana Public Service Company 
East Ohicago........... eee hn 26,400 kw 
Miscellaneous..........ceeee ert 20,425 
46,825 kw. 
GRAND TOTAL........... enc 1,340,175 kw. 


GENERATING CAPACITIES TO BE ADDED IN THE NEXT TWO 


YEARS 
1928 Crawford Avenue...........e eene 100,000 kw 
1928 Powerton (Partly for use of Ohicago 
RoROB). vodnad cw erases te ween 52,000 kw. 
1929 State Line..........-...e e rtt 200,000 kw. 


The Crawford Avenue Station with a capacity of 
324,000 kw. is at present the largest station in the 
region and is capable of being developed to perhaps 
three quarters of a million kilowatts provided there is a 
certainty as to the amount of condensing water that 
can be depended upon from the Drainage Canal. A 
view of the turbine room of this station is shown in 
Fig. 2. 

Another large generating station is the Calumet 
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Station located on the Calumet River having a capacity 
of 187,500 kw. which is already utilizing about all 
available water in the Calumet River and has conse- 
quently reached its ultimate capacity. Other large 
stations in Chicago are the Northwest Station, the 
Fisk Street Station, and the Quarry Street Station which 
are older stations and on account of water conditions 
and property limitations can only be increased in size 
by the replacement of present units with more efficient 
units of larger size. i 

The main outlying stations are at Waukegan and 
Joliet with present capacities of 110,000 kw. and 50,000 
kw. respectively. The site at Waukegan is capable of 
development to approximately 1,000,000 kw. The 
site at Joliet is capable of similar development providing 
the condensing water available from the Drainage 


Canal is not limited as mentioned in connection with. 


the Crawford Avenue Station. 
As to future generating stations which will furnish 
energy to the Chicago region two large ones are already 


Frac. 2—TunBiNE Room, CRAWFORD AVENUE STATION 


under construction, namely the Powerton Station 
located southwest of Peoria near Pekin on the Illinois 
River and the State Line Station on -Lake Michigan at 
the Illinois-Indiana State Line. Property has been 
acquired in Michigan City and also at a location south- 
west of Chicago on the Drainage Canal for the con- 
struction of future generating stations but it has not 
been definitely announced when construction will 
begin at either of these points. The Powerton Station is 
rather unique in that it is jointly owned by four com- 
panies which are the Central Illinois Public Service 
Company, the Illinois Power and Light Corporation, 
the Public Service Company of Northern Illinois, and the 
Commonwealth Edison Company. These companies 
have pooled their comparatively small requirements in 
the immediate vicinity and are erecting this modern 
efficient station. The first unit with a capacity of 
52,000 kw. is scheduled for completion during the sum- 
mer of 1928. In connection with this project a 132,000- 
. volt transmission line is now being built: from Joliet 
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through Oglesby and Kewanee to the Powerton Station 
for interconnection with the Chicago pool. 

. With regard to the State Line Station, the tract of 
land procured is adequate and plans are being made for 
a station with an ultimate capacity of a million kw. 
or more. This station’ is to be owned jointly 
by the Commonwealth Edison Company, the Public 
Serviee Company of Northern Illinois, the Northern 
Indiana Public Service Company, and the Middle West 


Condenser 


Fig. 3—Unit No. 1, Stats Lins Power STATION 


Utilities Company. The first unit, scheduled for 
completion in 1929, is to have a capacity of 200,000 kw. 
and will consist of three turbo generator sets each having 
a capacity of approximately one-third of the total 
arranged as shown in Fig. 3. Steam at 650 lb. pressure 
is admitted to a single high pressure turbine which 
exhausts into two identical low-pressure turbines each 
taking half of this exhaust steam. 

In the design of this unit, means are provided where- 
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Fig. 4—Bus AND FEEDER Connections, 1929 STATE LINE 
STATION 


by any one of the three turbines may be taken out of 
service and the other two continued in operation thus 
overcoming the common objection from an operating 


standpoint of such a large capacity being contained in 


one unit. At present five such units of 200,000 kw. 
each are planned for this station with suitable trans- 
mission facilities for carrying away the energy. Con- 
trast with these units, the 30,000-kw. units which were 
installed at the Calumet Station as late as 1921, which 
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were then the largest ever built for this territory. 

The electrical installation also is rather unusual in 
that the generator bus will be completely out of doors 
and entirely enclosed by metal so that no physical 
contact can be made with any live parts. Fig. 4 shows 
the schematic arrangement of the bus which is a double 
ring bus divided into three sections, one generator 
supplying each section with suitable reactors and oil 
circuit breakers between sections. It is so laid out that 
as future generators are added one additional bus sec- 
tion wil be placed in the ring for each additional 
generator. 'The generator voltage and consequently 
the bus voltage for this station is to be 22,000-volts 
which is somewhat higher than ordinary practise. 
The station is designed purely as a generating station 
and the energy will all be transmitted away in large 
quantities either at 33,000, 66,000, or 132,000 volts. No 
line busses are provided, transformers being installed 
integral with each individual line. | 


Another unusua! electrical installation is to be found 
at Waukegan in the 12,000-volt “iron-clad”’ switchgear 
used in connection with the recently installed 50,000- 
kw. (58,825 kv-a.) unit. Although equipment of this 
type has previously been used in connection with lower 
voltage bus work at several substations in the Public 
Service Company territory, the Waukegan installation 
isthefirst used in a generating station in this country in 
connection with such a large capacity. The largest 
switches are rated at 1,500,000 kv-a. interrupting 
capacity and 3000 ampere carrying capacity. This 


Fic. 5—Iron-CLtap SWITCHGEAR ON GENERATING Bus, 
WAUKEGAN STATION 


installation which is indoors completely encloses in 
metal all of the bus work and switching equipment and 
thus reduces the hazard to operators in coming in con- 
tact with live parts as well as providing several other 
important advantages. This apparatus is very com- 
pact thus simplifying the building requirements both 
at the time of installation and at times when it is neces- 
sary to make additions or increase capacity. It is 


WILLIAMS: CHICAGO REGIONAL POWER SYSTEM 


Transactions A. I. E. E. 


shipped in units or groups of units with practically all 
wiring, taping, and adjustments completed in the 


‘factory where workmanship and labor costs are natu- 


rally more favorable than in the field. Fig. 5 showsa 
view of this equipment. 

In general this matter of switching equipment is 
becoming quite serious especially as to interrupting 
capacities. It would seem that the development of 


Fra. 6— TRANSMISSION SYSTEM IN CHICAGO REGION AS PROPOSED 
For 1928 


high interrupting capacity switch gear has not kept 
pace with the growth of the business and consequently 
the requirements of the supply companies. The result 
has been that the supply companies have quite often 
been forced to make costly changes in structures as well 
as retire comparatively new equipment due to radical 
changes in design on the part of the manufacturers or 
unsatisfactory performance of equipment. 

The transmission system in the Chicago region has 
had a very interesting development. Practically all 
of the stations have been interconnected. Within 
Chicago the system has developed from one 2250-volt 
transmission line in 1897 to the network of 12-kv. and 
66-kv. underground cable of today. The outlying 
stations are either connected with each other or with 
the Chicago stations by means of a 182-kv. net-work 
with an auxiliary 33-kv. system. Fig. 6 shows the 
system as it will appear in 1928. It is to be noted that 
superpower interconnections have already been made 
with neighboring companies on practically. all sides. 

The transmission of large blocks of power through 
densely populated areas will soon require the extensive 
use of high-voltage underground cables. A move in 
this direction is to be noted in the six mi. of 132-kv. 
underground line connecting the Northwest Station 
in Chieago with the overhead transmission line from 
Waukegan at the city limits. This line consists of three 
single-conductor, hollow-core, oil-filled cables with a 
capacity of 90,000 kv-a. and has been in satisfactory 
operation since June of this year. 

In this same connection there is still room for im- 
provement in the design of overhead transmission lines, 
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especially in regard to mitigating the effects of lightning. 
Considerable progress in this respect however has been 
made during the last few years by the use of ground 
wires, arc-controlling devices, and the lowering of the 
plane of the conductors. The following tabulation 
summarizes the experience with ground wires in this 
territory: 


EFFECT OF GROUND WIRE ON 132-KV. OVERHEAD LINE 
INTERRUPTIONS CAUSED BY LIGHTNING 


Line Interruptions 
Length 

No. Location miles 1924 1925 1926 1927 
1. Waukegan— Niles Center..| 27.5 28* 20* 14* 01 
2. Waukegan—Northwest 

Station............ eee 31.1 1*4 
3. Waukegan—Kenosha..... 20.7 ot 
4. Joliet—Chicago Heights...| 29.8 9 29 1i 
5. Chicago Heights—108th St| 14.4 71 71 61 
6. 108th Street—Aetna...... 26.7 Ott Ott 1tt 

TOTAL, 9e Ru 150.2 28 36 50 9 


*Equipped with arcing-rings. 

113.8 mi. equipped with arcing rings. 

tGround wire installed over circuit. 

*1Ground wire installed over circuit on opposite side of tower. 

The improvement brought about by the use of ground 
wires is conspicuously evidenced in the case of lines No. 
1 and No. 4 where the ground wires were installed after 
some experience without them. 

I wish now to refer to the “interchange energy con- 
tract" between the Commonwealth Edison Company, 
the Public Service Company of Northern Illinois, and 
the Northern Indiana Public Service Company by 
means of which an equitable interchange of energy and 
eapacity is obtained. "The capacity of all three com- 
panies is placed in a so-called “power pool" from which 
each company may draw in order to supply its load. 
The principal purpose of the arrangement is to enable 
the entire load of the three companies to be carried by 
the most efficient generators regardless of their owner- 
ship; leaving the less efficient to carry the peaks and to 
act as reserve. "The energy is paid for by each con- 
suming company at various rates depending upon the 
stations from which the energy is supplied. The 
investment charges are taken care of on a basis of 
demand and capacity illustrated by the following 
typical example. The figures given in the following 
tabulation show the generating capacity and previous 
maximum load for each company as of December 31, 
1926, one of the monthly billing dates. The total 
generating capacity of 1,199,500 kw. is allotted to the 


three companies in the ratio of their previous individual - 


maximum demands shown in the second column. 


Previous Demand at 
Generating maximum time of 
capacity demand system max. 
12-31-26 12-31-26 12-15-26 
Commonwealth Edison Co. 965,000 kw. 864,300 kw. 864,300 kw. 
Public Service Co. of Nor. 
Viae REUS e V er 187,800 139,800 135,600 
Nor. Ind. Public Service Co. 46,700 43,600 40,200 


TOTAL... ess 1,199,500 kw. | 1,047,700 kw. | 1,040,100 kw. 
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The company actually owning generating capacity, 
shown in the first column, in excess of its allotment 
receives the carrying charge on this excess from the 
other two companies which own less than their allot- 
ments. A limit of 20 per cent reserve on the total sys- 
tem is set up beyond which no credit is given. 

I now wish to refer briefly to studies of the trans- 
mission network which are being made in the Chicago 
region. A plan has been adopted wherein the entire 
region including the City of Chicago has been divided 
i All the energy 
for each of these areas is to be supplied from one 
source. This source may be a generating station or a 
large or major distribution center receiving its supply 
over either 66,000 or 132,000-volt transmission lines. 
The energy is to be distributed at 33,000 or 12,000 volts 
from this main source to the various substations in the 
area for re-distribution. The substations in one area 
will not, in general, be connected to those of another 
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Fia. 7—Proposep 33,000-VOLT AREA TRANSMISSION SYSTEMS 
Public Service Company of Northern Illinois, North Part of Territory 


area although some emergency ties may be needed 
which will normally be operated open. With this 
system, the relay problem will be materially simplified 
and trouble may be more easily segregated than with 
the system in use at present wherein the various sub- 
stations are connected to several sources. "The duty on 
oil circuit breakers will also be considerably reduced. 
Fig. 7 shows the proposed scheme applied to a part of 
the territory of the Publie Service Company of Northern 
Illinois. The high-voltage transmission lines supplying 
the major’ distribution centers are not shown. The 
groups of radiating loops from the major distribution 
centers conspicuously define the respective areas. 

Fig. 6 shows two such major distribution centers 
planned for Chicago located at Washington Park and 
Humboldt Park to be supplied at 66,000 volts and 
scheduled for completion in 1928 and 1929 respectively. 
They are in addition to those already established at the 
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various Chicago generating stations. By 1928 the area 
surrounding Chicago will have several similar major 
distribution centers other than the generating stations, 
. the most important of which will be located at Niles 
Center, Bellwood, Chicago Heights, Aetna, Michigan 
City, Oglesby, and Kewanee. | 
Transportation in the Chicago Region accounts for 
a considerable part of the demand for electrical energy. 


Of the 1,040,100 kw. total system demand which 


occurred December 15 of last year nearly 350,000 kw. 
was supplied to the electrie railways in and around 
Chicago. The first and only steam road in this region 
to electrify is the Illinois Central Railroad which com- 
pleted the electrification of its suburban service in 
June of last year. This customer’s maximum demand 
to date has been 22,864 kw. The railroad. operates its 
ears at 1500-volts direct current supplied by seven 
substations, five of which are owned by the Common- 
wealth Edison Company and two by the Public Service 
Company of Northern Illinois. The conversion to 
direct current is accomplished in some cases by mercury 
are rectifiers and in others by units of two 750-volt 
rotary converters in series. Fig. 8 shows the Vollmer 
Road Substation at Flossmoor, installed by the Public 
Service Company of Northern Illinois for supplying 
this railroad and the light and power business in that 
vicinity. This particular substation was thought of 
‘interest inasmuch as it is located in a residential terri- 
tory and in order to harmonize with the developments 
in that region a building of Spanish design which 
should not detract from the general surroundings was 
erected. The first impression might be that such a 
design is expensive but if the architect is ingenious in 


Fic. 8—VoLuMER Roap SUBSTATION 


the use of materials this need not be so. In fact the 
eost per cubic foot of content of this particular sub- 
station, was practically the same as that of another 


substation erected .at the same time following the 


ordinary type of construction. 

Fig. 9 shows the Glen Ellyn Substation supplying 
direct eurrent to the Chicago, Aurora, & Elgin Railroad 
where harmonizing architecture was used again. 

In this presentation I have tried to point out the 
problems existing in this region with the idea of bring- 
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ing them to the attention of engineers generally as these 
problems are not peculiar to this locality but are being 
encountered in similar metropolitan areas. Engineers 
eonnected with power developments in such regions 
should be on the alert to so carry on system design that 
future demands may be met at reasonable cost and with 
a minimum of obsolescence. I 

It may be regarded by some as highly optimistic but 


Fig. 9—GLEN ELLYN SUBSTATION 


it is not inconceivable that sometime in the future the 
dictates of our customers may make intolerable the 
voltage dips and momentary interruptions due to 
lightning discharges and emergencies, the elimination 
of which we are prone’ to regard as insurmountable. 
It is to such problems that I commend the energy of 
the engineer for scientific study in order that the quality . 
of service we render may continue to improve and that 
our system may be competent to meet the require- 
ments of the public which are rightfully becoming 
more exacting year by year. 


Discussion 


H. B. Gear: One of the subjects which we have just heard 
discussed is one which has been a large factor in the development 
of electricity supply in Chicago. I refer to the interchange 
energy contract, which is in effect between these companies. 

The unification of the power supply in the Chicago district 
did not become effective until the details of this contract were 
worked out. The effect of this contract is to permit these com- 
panies to work together in the development of their physical 
plant almost as if they were owned and managed by one company. 

Before such a contract was in effect, each company tried to 
plan for its own reserve capacity and its own generating stations 
without great regard to the requirement or reserve capacity 
of its neighbors. 

Under the operation of this contract no company proceeds to 
install any generating capacity without the knowledge of the 
other companies, and whatever is done anywhere within the 
district is done in view of the total reserve requirements of all the 
three companies in this district. 

This, of course, makes it necessary that there be transmission- 
line capacity between the stations having reserve capacity and 
those having no reserve or a deficiency in capacity, in order that 
the large units installed at points where there is not enough 
demand to load them may be made available at those points 
where there is more demand than there is capacity to supply it. 

This interchange arrangement is perhaps the most important 
feature described in Mr. Williams’ paper. 
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J. L. Hecht: It seems to me that the problems in connection 
with a regional development of power system naturally divide 
themselves into two classes. One might be called the physical 
problems and the other the contractual. 

So far, my own observation has been that the physical prob- 
lems are the simpler. I feel that we are still in the infancy of this 
sort of development and there is a great deal to be done. One 
of the still unsolved physical problems is the one of placing the 
load on a large interconnected superpower system where we may 
want to place it. There has been discussion of installing at 
various points phase-displacement equipment, although up to 
the present time I don’t believe there have been any develop- 
ments along these lines. However, it appears that that problem 
will be taken care of. 

With regard to the contractual problem, there are still many 
phases of the superpower contract problem to be worked out. 
While great strides have been made not only here but in other 
parts of the country in connection with the working out of con- 
tracts, I think that it is a matter to which the engineers should 
devote considerable thought so that advantage may be taken of 
their detailed knowledge of the problems that go with power- 
station and transmission operation. 

Taking up another subject, I should Jike to refer to Fig. 1 of 
Mr. Williams’ paper. I think one of the very important things 
brought out in that figure is the direct effect of a superpower 
system on the amount of capital that is tied up in reserve capac- 
ity. The lower curve giving the reserve capacity shows that 
in 1916 the curve was very low. We all know that was the result 
of war conditions. We were getting along without spending 
money, without installing necessary reserve capacity, and with 
taking a certain chance on ''getting by." That was followed by 
a period of installing capacity with the result that the reserve ran 
rather high. Starting in about 1923, when the superpower 
interconnections were getting well under way in this region, the 
curve of reserve capacity became very much stabilized and for 
the six-year period following 1923 and running through 1929— 


because we know now what will be done in that period—the eurve' 


is almost flat. In other words, this curve illustrates the fre- 
quently made statement that having trunk-line interconnections 
between generating stations makes reserve capacity at any point 
available to the entire system. 

T. G. LeClair: This question of interconnection brings up 
a number of problems which have heretofore not been given as 
much thought as they should be given. 

One thing is that with the development of this large number of 


interconnecting lines we may sometime reach a limit as to how: 


far we may go. 


Mr. Williams in his paper made a statement that the develop- 
ment of switch gear is not keeping pace with the development of 
systems. This statement at present is quite true because with 
the development of systems and the development of the inter- 
connecting Jines we tie together capacities much more rapidly 
than we increase the load. We may for example add 50 per cent 
to the load while at the same time the amount of generating 
eapacity which is tied together in one network may increase three 
or four times and consequently the interrupting capacity of these 
switches must be very much higher than it would be if it merely 
increased in proportion to the load. 


So we have reached problems which become not only engi- 
neering, but economic, and I think these problems in the develop- 
ment of switch gear are up to the utility men as well as to the 
engineers of the manufacturers. If we go on developing switch 
gear with greater and greater interrupting capacities, it is quite 
possible for the manufacturers to do so, but by so doing they 
must increase the size and cost of this gear to such an extent that 
it may be much cheaper to separate the system into a number of 
parts than to go on paying more and more for this switching 
equipment regardless of the load it must carry. This problem 
first reaches us in the metropolitan areas where we have large 
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capacities connected by short lines. As Mr. Williams mentioned, 
we have well over 1,000,000 kw. in Chicago, and the develop- 
ment of switch gear to interrupt this current is no simple 
question. 

There remain two solutions. One of them is to separate the 
system into a number of small integral parts and sacrifice the 
benefits of reserve due to diversity between such sections, and the 
other is to develop a system which will not require an increase in 
size of switch gear due to the increase in capacity. To.my mind, 
the second solution requires the development of a system wherein 
the fault current may be differentiated from the load current. 

In the higher-voltage interconnections which we are just now 
developing, particularly in Chicago, the 66,000-volt cable, 
interconnecting stations must necessarily be single-conductor 
at the present stages of development. At the same time we can 
very rapidly make all our switching stations isolated-phase. 
By making the switching stations isolated-phase and transformers 
single-phase, and with single-conductor cable all system faults 
must begin as phase-to-ground and the fault current is then 
limited by the use of neutral resistors. By doing this we have 
made it possible to limit the fault currents on our proposed 
66,000-volt system to slightly over 1,000,000 kv-a., while if we 
went on with the three-phase system, within the next five or six 
years we would have to interrupt between 4,000,000 and 
5,000,000 kv-a. which would undoubtedly produce a problem for 
the manufacturers in the development of the switch gear. We 
have utmost confidence that they could develop this gear, but I 
doubt very much if we would be able to pay for it and consider 
our money well spent. 

F.C. Hanker: I had not intended to make any comment on 
the particular point that Mr. LeClair raised, but in justice to 


the manufacturer we should consider the situation in connection : 


with interrupting devices. 

The operating companies, due to load conditions and the 
growth of their systems, have been forced to expand and inter- 
connect and have concentrated energies far beyond what was 
expected when the equipment was originally installed. As 
Mr, LeClair says, devices of higher interrupting capacity can be 
built and are being built, but at higher cost. You cannot 
expect to control the increased energy released in a fault on a 
modern system and expect to control it safely with the small 
interrupting devices that were installed in the days when the 


` stations were much smaller. 


There is one other factor to consider. The operating com- 
panies should begin to consider the effect of the fault current on 
the operation of the system as a whole. If you ean get the fault 
off a large interconnected system, such as in the Chicago region, 
in suffieiently short time to prevent the phase displacement 
of & different generating station or generating unit, then you ean 
continue to supply the load without interruption. With the 
ordinary conditions we have today you have to interrupt the 
fault energy on the order of 0.2 sec. to avoid a displacement that 
is serious. 

A number of companies that are operating interconnected are 
making plans to limit the amount of energy they can concentrate 
on their higher-voltage lines to a value of kv-a. on the order of 
2,500,000. Breakers of that capacity are available in those 
voltages. Similarly on lower-voltage networks they have 
reduced that limitation largely for the reason that Mr. LeClair 
states, that there is an economic limit you can afford to put into 
switching devices. | 


You cannot continue to increase the generating capacity and 
the resultant energy in the fault and still expect your present 
interrupting equipment to care for the more severe service. | 


H. L. Wallau: The company with which I am associated 
makes it a practise not to parallel its 132-kv. lines directly. 
All such lines are paralleled only on the low-tension side of the 
transformers associated therewith. This has a marked effect 
on limiting the amount of power that may be developed in the 
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ease of a fault and of reducing the duty on the circuit breakers 
which have to interrupt this fault. 

B. M. Jones: The remark someone made about the details of 
the contract for interconnections was brought out very clearly 
in our company a year or six months ago. 

We had a tie with the West Penn Power Company, our neigh- 
bor, and six months or so later we tied in with another company. 
The second tie was purely to carry a block of load, the plan being 
for one company to shift the load to the other company and not 
actually to tie in. 

After the tie was made we found it would be advantageous 
actually to operate tied in together. It quickly developed that 
the second company we tied to was being penalized very severely 
due to the energy that flowed through its system to the next 
system and circulated back, a triangle of interconnection, and it 
involved such an amount of money that we couldn’t tie together. 
We had actually to transfer the load. 

When we first went into this second contract nobody had any 
idea that it would be worth while to tie together, and it just 
brings out the fact that the details of the contract must be 
watched very closely and all possible conditions anticipated. 


E. C. Williams: Considerable comment has been made relative 
to awkward situations which have arisen due to the lack of 


coordination between the power contracts and the engineering 
principles which really dictate the operation of networks. The 
development of these superpower networks has been so rapid 
that all of the fundamental characteristics have not been readily 
recognized. It is the duty of the engineer to appreciate these 
characteristics and familiarize those people who negotiate these 
contracts with the importance of such coordination. 


The temptation to temporize with the oil-circuit-breaker 
problem by resorting to breaking up the network into smaller 
networks and arranging transformers so as to increase the im- 
pedance of the circuit, is quite natural. However, the develop- 
ment is still quite young and it may be rather early to start such 
temporizing. If the development continues at the present rate in 


a few years we will face the same problems in the smaller pieces 


of the present network which we now face in the main network 
itself. It also must be recognized that the breaking up of any 
network brings with it certain operating disadvantages and inter- 
ference with the free flow of energy which may affect the division 
of load between stations and perhaps the cost of production. 
As in all engineering problems it will no doubt be necessary to 
effect a compromise but in doing so the engineer should realize 
the limitations of such compromises and be prepared to take the 
necessary step in the development when it comes. 


The Hall High-Speed Recorder 


BY E. M. TINGLEY: 


Associate, A. I. E. E. 


Synopsis.—A new form of oscillograph for recording fault 
currents and their voltage disturbing effects in electric power systems 


INTRODUCTION 


| IFE histories of electrical disturbances in the exten- 
sive 60-cyele, 12,000-volt systems of the Com- 


monwealth Edison Company have been written 


during the last few months by the high-speed recorder 
developed by Chester I. Hall. The object of this paper 
is to describe the application of the device and the 
records obtained with only a limited reference to the 
details of its construction. 


DESCRIPTION OF RECORDER 


This instrument is a form of oscillograph for tracing 
continuously the maximum values of current and volt- 
age during system fault conditions. Sturdy construc- 
tion makes it suitable for application in generating 
stations and substations. It seems to be the only 
instrument yet developed for this class of service. 
Its performance lies between that of the standard 
oscillographs and the switchboard curve-drawing meters 
with speed-up attachments. 

The measuring element or meter is of the situates 
magnetic-vane type, having a natural period of vibra- 
tion sufficiently high to attain full deflection always in 

1. Commonwealth Edison Company. 


Presented at the Regional Meeting of District No. 6, 
of the A. I. E. E., Chicago, Ill., Nov. 28-80, 1927. 


is described. Representative records are analyzed and further appli» 
cations of the instrument are suggested. 


the same direction in each half cycle of current 
measured, and the motion is practically dead beat. 
The envelop of the maximum deflections is therefore 
a measure of current or voltage. 


Four meters, three for voltage and one for current, 
are inclosed in a light-tight case, and the records are 
made on a flat stationary, 11-in. by 14-in., superspeed 
photographic film. 

The optical system consists of an automobile lamp 
with reflectors and lenses for concentrating light beams 
on the mirrors of the oscillating systems from which 
they are reflected to a movable plane mirror, which in 
turn reflects them to the photographic film. The plane 
mirror traverses the light beams across the film, giving 
a time seale to the records of 1 in. per sec. The travers- 
ing mirror is operated by a phonograph spring motor 
through suitable gearing. 

A starting relay, dry batteries for the lamp, trans- 
formers for the current and voltage meters, and alarm 
and signal circuits complete the installation. 


Under fault conditions, the relay connects the mea- 
suring elements to their transformers, lights the lamp, 
and starts the light-traversing mirror. The starting 
operations require 1/10 sec. or less. At the end of the 
record, which continues for 10 sec., the measuring 
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elements are disconnected from their operating circuits, 
the lamp is extinguished, and the alarm is sounded. 


APPLICATION 


The Hall recorders as applied to the Commonwealth 
Edison system are installed in generating stations. 
They are started by fault currents to ground, and they 
measure this eurrent and the three-phase voltages to 
ground. As faults invariably go to ground, the maxi- 
mum information is obtained from a minimum number 
of recording elements. 


The Commonwealth Edison 60-cycle, 12,000-volt 


system consists of four large separate systems, Craw- 
ford, Calumet, Fisk, and Northwest. Each unit 
system consists of a generating station with radial 
distribution cables to the substations. The neutral 
of one generator in each station is grounded through a 
8-ohm resistor which limits ground-fault currents to 
about 2000 amperes. There are several hundred miles 
of 3-conductor cables in each 12,000-volt distribu- 


tion system with only a few short overhead or open 
lines. 


The generating stations are day coupled only 


through their transformer lines so that a ground fault 
in one system does not eause ground current in another 
system. However, Fisk and Crawford are occasion- 
ally conductively coupled at 12,000 volts, and with this 
condition a fault causes neutral current at both generat- 
ing stations. 


The relays were first "€ to trip with 125- 
amperes neutral eurrent, but so many transient currents 
of undiscoverable origin operated the recorders without 
leaving a record that all the relays were readjusted to 
trip with 400 amperes. "Transient currents were prob- 
ably caused by synchronizing operations or the starting 
of transformers or motors. 


The rather high condensive coupling to earth by the 


cables of the distribution systems may possibly be 


responsible for some of the neutral transients. 


More than 100 records have been obtained, but only a 
few representative forms can be shown and described. 


They are necessarily a ““behind-the-scenes” view of some - 


of the accidents and failures incident to the operation 
of a great power system. However, very few of the 
failures recorded interrupted service. 


The following paragraphs describe the faults recorded 
on the records shown in the corresponding illustrations. 


RECORD No. 20, CRAWFORD STATION 


Lightning on an overhead line started this fault. 
The B-phase was first affected after which the arc 
extended to the other phases in an irregular manner. 
The short period of zero neutral current may have been 
due either to the effect of a three-phase arc or to the 
momentary complete extinguishment of the are. The 


opening of two circuit breakers, indications of which are 


-phase failures to ground on separate cable lines. 
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lost in the are irregularities, relieved the system of this 
fault. 


The excessive voltage disturbances shown are with 


respect to ground only. The delta or phase-to-phase 
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voltage at the generating station is affected only 


slightly. 


The disturbance pattern is characteristic of a long 
flaming arc in air. 


RECORD No. 27, CRAWFORD STATION 
This is an unusual case of two simultaneous single- 
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One 
failure by distortion of the system voltage with respect 
to ground precipitated the second failure and four 
circuit-breaker openings were required to clear the two 
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faults. Note that there are seven different steps in the 
neutral ground current. One of these is probably due 
to arc variations. 


The first failure is on the A-phase and the second on ` 


C-phase. The abrupt increase of current at the begin- 
ning of the second fault is characteristic, as practically 
all records show that cable faults attain high current 
values.very quickly. 


The horizontal lines and patterns within the records 
are due to multiple reflections in the optical system. 
The vertical. bands are caused by slight irregularities in 
the gears which drive the mirror that traverses.the light 
beams. . 


[A small allowance in the time scale is made for the 
sarang time of the recorder. 


RECORD No. 32, CRAWFORD SION 


A three-phase cable fault produced this diagram 
and inspection of the burned cable indicated that the 
. fault probably started between two phase conductors 
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and burned some time before going to ground, as the 
small time and small ground current indicated by the 
record do not account for the extent of cable burning. 
Zero value of neutral current during the first second of 
the record may be due either to a three-phase arc, or 
to the entire extinguishment of the are. The fault was 
cleared by the operation of two oil circuit breakers, the 
effects of which are lost in the irregularities of the 
currents. 


RECORD No. 34, CRAWFORD STATION 


This record started with a C-phase cable fault to 
ground which extended to A-phase after 6.71 sec. The 
circuit-breaker relays were slow to respond to the 
ground-fault current, but the fault was quickly cleared 
by three circuit breakers after it developed to include 
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another phase. As there are indicated only two steps 
in the neutral current reduction and three circuit 
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breakers operated, it seems that two breaker M oe 
weresimultaneous. 


RECORD No. 35, CRAWFORD STATION 

This is a usual fault to ground in one phase of a cable 
that was relieved by two circuit-breaker openings. The 
rounded corners in the current cut-off may indicate 
arcing within the circujt breaker. That the A-phase 
only is involved in the fault is shown by the reduction 
of the voltage of that phase to ground, and the increase 
of voltage on the other two-phases. This may be other- 
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wise expressed as the displacement of the neutral 
point within the delta or as the tendency of the system 
voltage diagram to stand on one corner. | 
RECORD No. 38, CRAWFORD STATION 

This record was made when system voltage was 
applied to a faulty cable. It is usual to make a ground 
test on a faulty eable by applying full system voltage 
on eaeh phase singly by closing the disconneet and then 


transformer bushings in an ice plant. 
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closing the oil circuit breaker. In this case, the circuit. 
breaker was closed twice on the faulty phase, B, possibly 
through the defective action of the circuit breaker. 
Uniform closing and opening speeds in the circuit 
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breaker are indicated in both cases. This is an ex- 
ample of the way in which the Hall recorders furnish 
checks on the condition of apparatus and on its correct 
operation. 


RECORD No. 43, CRAWFORD STATION 
'This trouble was caused by the leakage of brine on 
Four bushings 
broke down. Two cireuit-breaker operations were 


required to relieve this fault which may have extended 


beyond the 10-sec. limit of the recorder. The fault 
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seems to have started with small ares on all three-phases 
and then ceased entirely, after which it concentrated 
on the B-phase and then on the C-phase. "The irregu- 
larities in current and voltage are those of long arcs in 
air. 
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RECORD No. 18, CALUMET STATION 


The steady current effect of the single-phase fault 
in the cable is again shown. The first and greatest 
reduction of fault current is caused by the opening of 
the circuit breaker at the generating station and the 
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final interruption is at the substation end of the cable. 
The fault current burned one cable conductor entirely 
in two. Small oscillations on B-phase voltage indicate 
that some synchronous apparatus may have been dis- 
turbed at the time the first breaker opened. 


RECORD No. 19, FISK STATION 


This. most remarkable record of the series shows two 
cable failures and a generator winding failure, all to 
ground. . In addition, there are three oil circuit breaker 
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operations and the opening of the generator-field circuit 
breaker, and the resultant dying down of the generator 
voltage. In this partieular installation, the voltage is 
measured to the generator neutral and not to ground; 
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consequently, the voltage distortion registered is small. 

It is possible to determine the time sequence of only 
a few of the events. The record started with a high 
neutral current due to B-phase cable fault, as the volt- 
age on this phaseislow. After about three seconds the 
C-phase was involved. The resulting voltage dis- 
turbance caused the generator winding to break down, 
which was quickly cleared through the action of the 
balanced: differential relays. The relays also opened 
the generator-field circuit breaker and the generator 
voltage died down. The fault persisted on the B- and 
C-phases of the generator as indicated by thelow voltage 
on these phases, and the higher voltage on the A-phase. 


" STARTING CHARACTERISTICS 


In the generating stations as the recorders are started 
by neutral ground currents, a fault between phases 
does not start the recorder until shortly after it develops 
into a ground fault. Important parts of some faults 
are therefore lost. It has seemed impracticable to 
arrange a relay for starting on excess phase currents, 
as ground-fault currents are usually small and become 
lost in the load currents. Also, it is impracticable to 
start a recorder in generating stations by phase voltage 
reduction, as this is usually small. Starting on neutral 
ground current is the best compromise that can be 
effected. . 

It has been proposed to install recorders in some sub- 
stations where the effects of voltage disturbances are 
important. A quick start may be made here on voltage 
reduction between phases, where it is important, but 
there will be no response to phase-to-ground distortions 
such as are measured at thegenerators. More complete 
information will beobtained through two sets of records, 
one at the generating station and one at the substation. 

Records are frequently lost through the improper 
handling of the film holders and two separate sources 
of records furnish a good insurance against complete 
loss in important cases. 


UsE IN TESTING 


Recently during oil circuit breaker testing, the 
recorders were found very valuable in measuring effects 
of the test currents on the system. The long time scale 
allowed the starting of the instruments through tele- 
phone orders just before the test currents were applied. 
There were, therefore, no lost intervals such as occur in 
automatie starting. Both generator and substation 
voltage disturbances were accurately measured. Such 
information is very valuable where synchronous 
apparatus or induction motors having no-voltage 
releases are liable to be shaken off the system due to 
momentary voltage reductions because of testing or 
fault currents. 


GENERAL COMMENTS REGARDING RECORDS 


Records are not used to locate or identify system 
faults. This is better done by methods that were 
used before the recorders were available. Faults are 
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located, inspected, and repaired long before the films 
are collected and developed. Usually there is a good 
agreement between the Hall records and inspection 
reports regarding the phases affected and other details 
so far as they may be interpreted. Normal faults to 
ground in cables and resulting breaker operations are 
rather uniform in performance. Departure from a 
normal characteristic calls for explanation regarding 
eircuit-breaker relay operation, and in this way the 
records are of great value in checking the operating 
condition of such apparatus. | 

The effectiveness of the isolated-phase principle in 
generator station design has been fully demonstrated 
and recorded. On one occasion a single-phase are to 
ground on the Crawford bus burned for 214 min. 
without affecting service. Thefirstfourseconds of fault 
produced a record at Fisk Street through a temporary 
12,000-volt tie. The remainder was obtained from 
the speed-up charts. 


Discussion 


C. I. Hall: The figure in this paper “Record No. 43, Craw- 
ford Ave. Station," is one of the most interesting records. It 
shows such extreme changes of energy conditions that it must 
be quite obvious that such variations will set up high-speed 
transients and cause real difficulty in a central-station system. 

Mr. Tingley indicated one factor which is of great interest, 
namely, the total time lag of the relay to get into complete 
operation after the occurrence of a fault. 

The starting operation really consists of two parts: first, the 
operation of the high-speed relay, and, second, illumination of 
the light source. The time lag of the high-speed relay, of course, 
varies with the percentage of load above the critical value for 
which it is set. These loads vary but in the average case we 
have found that they are in the order of 500 to 1000 per cent of 
the setting of the critical value of the high-speed relay. At 500 
per cent load on a 60-cycle systein it requires 1.5 cycles to get the 
mechanism connected to the line. Then the time lag of the 
optical system is 2 cycles. This gives a total of 3.5 cycles. 
At 2000 per cent load the total time is about 2.3 cycles. 

This device in constructed in other forms to meet special 
conditions. In one form the film moves upon the occurrence 
of the first short circuit for 10 sec. and then stops provided the 
short circuit has been opened, but is in condition to restart the 
instant another fault occurs, and so on, for a total of four. On 
the other hand, if the fault continues over the period of 10 sec., 
then the record will continue and give a total of 50 or 60 sec. 
of record. 

Other forms have been constructed in which the chart is 
stationary, giving merely maximum values. 

B. G. Jamieson: This materialization of a device which tells 
of these transient or semi-transient conditions characterized as 
faults is of the highest order of importance because it provides 
a medium for an inner discernment of the mechanism of cable 
breakdowns at least during the period between their inception 
and their retirement from the system. 

The point I want to make has not been stressed this morning, 
and is the real point of reference in which our interest is centered. 
We have said, and Mr. Hall has just said very cautiously, that 
we needn't expect, or we are not justified in expecting a device 
which anticipates a fault. Perhaps we don't need it. But we 
should like to know what happens from the instant (if that word 
applies) of the development of the fault. I think Mr. Hall 
really knows how that could be accomplished; that is, how the 
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time lag of the device, which was not emphasized but which 
is very vitalin the operation of this instrument, can be controlled. 
Whether he does or not, it seems to me that the great value of 
this device as now constructed lies in the fact that it shows not 
only the data the author gave, but it shows the impotence of 
relay systems of the conventional order which are unable to 
function during the fault inceptions, considering the responsi- 
bility that is centered upon them in the development of our 
interconnected systems. 

The idea of having a fault developed and prolonged for from 
eight to ten sec. with all protective apparatus absolutely helpless, 
taking no cognizance of it, seems almost ridiculous. It isn’t that 
we want to anticipate the fault, but what we want is action in 
that incipient period and before fault current reaches a magni- 
tude and a rate of propagation that is beyond the power of 
interrupting devices built or that can be built. to cope with it. 

What we need is a relay which will take cognizance of that 
fault in its incipiency. Our problem will be intensified by the 
prospect of oil-filled cables. If we are going to have oil-filled 
eables and we attempt to handle faults in this incipient period, 
I don’t know how we are going to find the faults after we retire 
the cable. Perhaps someone can tell us that, but in any event 
it must be apparent that we now have within our grasp a device 
that enables us to concentrate on that important function of 
retirement of a faulty member before conventional types of 
relays wake up to the fact that there is trouble. 

F. C. Hankers The need of recording equipment that would 
function during transient disturbances on a power system has 


long been recognized. Operating companies have been badly | 
. handicapped by the lack of information regarding the sequence of 


disturbances, the values of power surges, the voltage and current 
conditions during faults that has made it impossible for the 
engineers to analyze conditions and apply remedial measures 
to prevent a recurrence of similar difficulties. It is encouraging 
to find a number of systems are equipping important stations 
with oscillograph equipment that will furnish records of tran- 
sients occurring during normal operating conditions. 

Mr. Tingley has outlined his experience with one type of 
recorder and shown the value to the operating company of this 
sort of record. I cannot let his statement that this is the only 
instrument yet developed for this class of service go unchallenged. 

There has been installed on the system of the Southern 
California Edison Company a number of automatic recording 
instruments for over two years. These include 3-element 
oscillographs, single-element oscillographs, or osisos, special 
reflecting-type high-speed average wattmeters both single and 
polyphase, and high-speed dynamometer-type graphic meters. 
A report of the results from these devices was presented before 
the Pacific Coast Convention, A. I. E. E., held at Del Monte 
in September, 1927. 

When it is reeognized that these instruments have been 
in service under the control of the operating organization for 
& period in exeess of two years and that during that time not 
a single oscillograph element has been burned out, we feel we 
are amply justified in maintaining that this class of equipment 
is sufficiently rugged for practical operating conditions. I 
feel that a considerable amount of prejudice to the use of oscillo- 
graph equipment was due to the early experience with the original 
instruments using an are lamp as the illuminant. I can weil 
recall personal experience with such equipment in the field 
where practically laboratory experience was necessary to secure 
satisfactory records. 

These conditions, however, have been changed as a result of 
the development of the portable type of oscillograph with 
improved galvanometers and incandescent lamps as the illu- 
minant. This development has made the automatic use of this 
instrument possible. 

The analytical studies on power system operation initiated by 
the Westinghouse engineers in 1921 led to a number of shop and 
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field tests. It was early recognized that records of power 
surges were absolutely essential to give us the fundamental 
data necessary in our analytical studies. This led to the attempt 
to obtain records by modifying existing types of graphical 
instruments. The natural period of the electro-mechanical 
oscillations of the ordinary power system varies from }4 sec. 
to 114 sec. depending on the size of the system and conditions 
of load so that it was felt that satisfactory results could be secured 
by improving existing types of equipment. We were able to 
obtain time constants of approximately 1/10 sec. with these 
modified devices but at the expense of a very considerable input 
to the coils. 


It may be of interest to review the progress of the development 
of these devices as the need for them was indicated during the 
various field tests that were made to investigate the operation 
of power systems. | 


In the first series of tests made on the Pacific Gas & Electric 
system in May, 1924, an attempt was made to obtain informa- 
tion on the power oscillations by carrying static tests to the 
limit and recording the readings of the ordinary meters that 
were available. In addition oscillograph records were taken of 
current and voltage conditions. The second series of tests was 
made in January, 1925, during which records were taken of 
staged short circuits. Oscillograph records of current and 
voltage were taken and in addition the experimental dyna- 
mometer-type graphic meter previously mentioned was used. 
In an effort to analyze the power surges the oscillograph records 
were enlarged on a screen and the energy oscillations calculated. 
It was found in this analysis that the application of the usual 
form factor to current and voltage waves did not check with the 
analytical work by some 30 per cent. This led to a further 
study of the records and it was found that. the wave distortions 
of current and voltage during the transient period were so great 
that it was necessary to integrate the actual wave forms to get 
reasonable comparisons between test and calculated results. 


The next step in the development of recording equipment was 
during the tests made on the same system in June, 1925, where 
reflecting type average wattmeters both single phase and poly- 
phase, having time constants of 1/20 see. were used. By the use 
of the optical system considerably greater magnification of 
angular deflection could be obtained so that usable records with 
permissible volt-ampere burden were possible. 


It was following these tests that the recording equipment was 
installed on the system of the Southern California Edison 
Company for the purpose of securing records during actual 
operation. The staged tests made on the system of the Pacific 
Gas and Electric Company gave very important data that was 
extremely useful in substantiating the analytical work previously 
carried on. It was recognized, however, that it would be de- 
sirable to obtain records under actual operating conditions on a 
system and it was for this purpose that the installations on 
the more important generating and substations of the Edison 
Company were made. The results of two years’ experience were 
presented before the Institute in September, 1927, as mentioned 
previously, and the value of this type of apparatus as an aid in 
analyzing system operation is evident by the installation of 
9-element oscillographs arranged for automatic operation in the 
new Long Beach generating station. It is also the intention to 
install similar equipment at the new high-tension substation 
under construction, : 


In the last series of field tests made on the Pacific Gas system 
in June, 1926, a still further development in watt-oscillographs 
was used. This was the single-phase instantaneous type galva- 
nometer using the bi-filar element for voltage and substituting an 
electromagnet wound for current for the permanent magnet. 
These devices have been used in numerous other field tests and 
have proved their value. Using the standard suspension these 
elements have a natural period of 4000 cycles per sec. so that 
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they are of sufficient sensitivity to record the more important 
harmonics that might affect the results. It was recognized 
that the polyphase element of this type was desirable during the 
transients in order that the, polyphase oscillations could be 
recorded. Under unsymmetrical short circuits without using 
any sequence network the record of the single-phase element 
eould not be utilized directly. This difficulty is overcome by 
the development of the polyphase instantaneous element. 

The use of the oscillographic type of equipment enabled 
us to record accurately the results even with greatly distorted 
wave forms that occur during transient operation. 

In conclusion I feel that the operating companies should 
cooperate to a greater extent in the installation of recording 
devices as information of this character is necessary for the 
engineers to analyze fully the operation of the larger and more 
complicated power systems. We have been able to operate 
satisfactorily in the past where systems were comparatively 
simple and the requirements for continuity of operation were not 
so rigid. With the great extensions of the interconnections and 
the increasing size of systems it is necessary to make every effort 
to keep down the plant investment so that a reasonable return 
on the capital is possible. This makes it necessary to operate 
the facilities at more nearly their limits so that it is much more 
important to know just what these limitations are in order to 
determine the factors of safety that are permissible. The 
conditions now existing in the Great Lake region where you 
have great concentration of power in such a small area will soon 


spread to other parts of the country, making it of increasing 
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importance to have a fuller understanding of the operation 
of a system under fault conditions. 

Herman Halperin: In connection with Mr. Jamieson's 
discussion of a device in combination with a switch to cause 
the switch to disconnect faulty apparatus before the failure 
current becomes too large, which, I presume, would be at least 
a few hundred amperes, he stated that there might be consider- 
able diffieulty in loeating the failure in an oil-filled cable when 
only such a small fault current was allowed to flow. 

Experience with testing 132-kv. oil-filled cables in our labora- 
tory indieates that there should be no great trouble in loeating 
such faults. In an accelerated life test on oil-filled cable a failure 
occurred in the cable but did not burn a hold through the sheath. 
It is estimated that the failure current (furnished by the testing 
transformer) was only 35 amperes and that it flowed for 0.3 sec. 

In order to reduce suitably the fault for location, it was neces- 
sary to go up to only 185 kv. with a d-e. kenotron cable-testing 
outfit at Northwest Station. The reducing current used was 
only 0.2 ampere. This outfit, however, is rated at 400 kv. and 
may be reconnected to supply 2 amperes at 50 kv. For field 
conditions, where the fault would cause a hole through the 
sheath of the cable, oil would flow through the fault out of the 
eable. For such conditions it may be necessary for final fault 
reduction also to use a d-c. supply of 1000 to 9000 volts and witha 
current capacity of 6 to 15 amperes to carbonize properly 
the fault in order that it may be readily located by the ordinary 
methods. Nevertheless, it does not appear that there will be 
any great difficulty in the location of such failures. 
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Synopsis.—This paper is a compilation of many of the new 
methods for relay protection required by superpower interconnec- 
tions. The ideas have been obtained from various sources and 
represent good present day practise. The general requirements 
for such interconnections are mentioned with particular reference 
to protection against phase-to-phase short circuits in those cases 
where the short-circuit current, under certain system conditions, 
is less than the full-load current under other conditions. The 
clearing of accidental grounds is discussed and a new study of 
residual currents on systems of different types is given. This 


HE interconnection of large power systems requires 
special treatment of its protective relay installa- 
tion in order to secure proper automatic section- 

alizing. This is particularly true of extra high-voltage 
interconnections which have their transformer neutrals 
grounded at all stations. Such systems are not 
numerous, but they are important and their number is 
increasing. In any such relay installation it is im- 
portant to adopt protective methods which not only 
are suitable for the immediate requirement but which 
will be applicable to future revisions and extensions. 
Interconnections between large power units impose 
more strenuous demands on the relay protective equip- 
ment than do individual systems, even those of a large 
size. The problem is different and in some ways more 
difficult. 


RELAY REQUIREMENTS 


'The most important requirement is that all faults be 
cleared quickly. This prevents unnecessary burning of 
conductors and equipment, but primarily, such quick 
clearance will minimize the possibility of the system 
becoming unstable. Therefore the securing of dis- 
erimination by means of time limit relays is not desirable 
although it may sometimes be necessary or convenient. 

The eomplete installation must allow flexibility of 
system operation. Perfect protection should be pos- 
sible when any line or piece of equipment is cut out of 
service and, what is more difficult, protection should be 
obtained without change in relay adjustment when a 
large unit of power is entirely removed. 

The initial relay installation should permit un- 
limited extension and revision of the power system. 

It should operate satisfactorily on the lines forming 
the intereonneetion between the systems without re- 
quiring too great a change in the relay protection 
already installed on the individual systems which are 
being united. ` 

1. Both of the Westinghouse Elec. & Mfg. Co., East Pitts- 
burgh, Pa. | 
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study indicates the usefulness of certain inverse time limit relays 
on systems having dead grounded power transformer neutrals at 
all switching stations. Bus protection and ''back-up" methods 
are described. 

Some of the new relays which have been developed, or improve- 
ments which have been made to older types in order that the new 
demands may be met, are described; and there is illustrated a typical 
relay installation similar to that now being placed in service on a 
220-kv. interconnection. 


It must protect against "bus faults."  High-voltage 
switching stations have become so elaborate that the 
possibility of trouble on the bus bars or on the station 
equipment is as great as that of a number of miles of 
transmission lines. 

It must provide “back-up” protection; by this is 
mearit that trouble should be cleared from the system, 
possibly with some little delay, even though the circuit 
breaker which would ordinarily clear such trouble 
should fail to operate. Some types of relays will 
operate in this manner by means of their inherent 
characteristics, but other types require the use of 
additional relays. For simplicity it is desirable that 
protection against bus faults and back-up protection be 
obtained by the same means, thus making unnecessary 
the use of complicated differential schemes commonly 
used for bus protection. 


It is desirable to eliminate the use of high-voltage 
potential transformers so far as possible, not only 
because of their expense, but also because of the hazard 
which they, themselves, introduce in the system. 

Economy in the relay system is desirable, but because 
high-voltage lines and equipment are inherently 
expensive, if such a procedure results in eliminating 
more expensive high-voltage equipment the best 
over-all economy may be obtained by adopting an 
expensive relay system. 

Types of Relays Considered. In order to satisfy the 
needs of recent interconnections, a number of new 
methods of using the conventional types of relays have 
been developed and entirely new relays have been 
designed; namely: 

For protection against short circuits, 

.1. Low-eurrent range impedance relay (type C Z). 
2. Fault detecting over-current and undervoltage 
| relays. | 

For protection against grounds, 

3. Definite time, directional relay with phase 


compensation in the potential circuit (type 
C R). 
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4, Definite time, current directional relay (type 
CRC). 
5. Inverse time, current directional relay eae 
C W C). 
6. Inverse time, directional relay with phase 
compensation in the potential circuit. (type 
C W). 
The use of these new methods and deviees will be 
described herein with only brief references to methods 
which are already in common use. 


PROTECTION AGAINST PHASE-TO-PHASE FAULTS 


General Conditions. The nature of a high-voltage 
interconnection system is such as to make difficult any 
application of relay equipment which will satisfy the 
demands previously enumerated. The purpose of an 
interconnection is usually to permit the exchange of 
power, and any number of causes may necessitate 
periodic changes in location of connected generating 
capacity. These changes may occur daily due to load 
conditions, or seasonally due to change in available 
generating capacity. This results in a change in 
magnitude of fault current, due not only to the varia- 
tion in total connected generating capacity, but also to 
the change in location of this capacity. Thus, at some 
points on the system, it is quite conceivable that 
fault currents which should cause relay operation 
may be smaller under some conditions than the maxi- 
mum load current under other conditions. 

The interconnecting system is usually composed of 


Fig. 1—BaLANCED-CURRENT PILOT-WIRE SCHEME USING 


SELECTIVE DIFFERENTIAL RELAYS 


long high-voltage transmission lines capable of trans- 
mitting relatively large blocks of power. The high 
load capacity of these lines reduces the number of 
parallel lines necessary, thus making protection diffi- 
cult. Also, the expense of substations or switching 
stations is high and their number is therefore corre- 
spondingly reduced. To reduce expense, the system 
may adopt the form of a triangle, or loop, only one of a 
pair of lines may be carried through a substation, or 
different routes may be followed by the various lines. 
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In addition to these difficulties, later extensions inva- 
riably tend to complicate relay protection. 

Pilot Wire Protection. To clear faults in the mini- 
mum time, theoretically, the best solution probably 
lies in the use of differential bus protection and pilot 
wire line protection. Fig. 1 illustrates a pilot wire 
scheme which has several advantages. This is a circu- 
lating current scheme and the burden imposed on the 
current transformers is quite low. In this method, 
open circuits on pilot wires put the relay in an operative 


Fig. 2—'TniPPING-CumRRENT CHARACTERISTICS FOR SELECTIVE 
DIFFERENTIAL RELAYS 


Relay No. 1 Fig. 3 operates on Curve A 
Relay No. 2 Fig. 3 operates on Curve B 
Relay set on 3-ampere tap 


condition for faults either external or internal to the 
section. This scheme is novel, in that four balancing 
resistors are used instead of three, with the result that 
balanced conditions are maintained irrespective of 
whether a through fault is phase-to-phase or phase-to- 
ground. This permits the use of ground relays having 
a low-current setting, thus increasing the sensitivity 
of the protection. However, for applications where 
ground fault protection is not desired, the ground 
relays (but not the balancing resistors, #,), may be 
omitted. If the ten-to-one ratio insulating current 
transformers be used, this protection may be applied 
to lines of great length because of the effective low 
impedance of the pilot wires. For shorter lines, where 
the pilot wire impedance is low, the insulating current 
transformers may be omitted unless they are required 
for protection against high voltages. With insulating 
current transformers of the ratio shown, the balancing 
resistors R;, Rz, and R; should each be equal to 1/200 
of Z, the pilot wire impedance, plus the impedance of 
the insulating current transformers; but the neutral 
balancing resistor, R,, should be equal to 1/200 Z 
only. 

The characteristics of the type C D selective differen- 
tial relay as shown in Fig. 2 are quite suited to this 
applieation. Its design is such that, with a fault in a 
section protected by this pilot wire scheme, the breaker 
through which the maximum current is flowing will 
operate on curve A and that through which the mini- 
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mum current is flowing will operate on curve B. Asa 
result, that breaker which has the least tendency to 
trip is operating on the most sensitive characteristic 
of the relay. 

Although the pilot wire scheme of protection ap- 
proaches very closely the ideal, the difficulty of instal- 


ling and maintaining pilot wires prevents its use on all . 
The periodie . 


but the shortest transmission lines. 
tests, which are essential to all protective equipment, 
are rather intricate on this scheme. Another objec- 
tion to this scheme is found in that additional relays 
must be installed for back-up protection. 


Carrier Current Protection. In order to overcome the 
disadvantages of using pilot wires, effort has been made 
to use the transmission lines as pilot wires by super- 
imposing on them high-frequency potentials or currents, 
as is customary for carrier-eurrent telephony. The 
advantages of this scheme over the pilot wire scheme 
lies in the fact that no additional wires are necessary. 
For protecting transmission lines by means of super- 
imposed high frequency there are two general methods 
which correspond fairly well with the standard pilot 
wire scheme. In one scheme, radio frequency currents 
are used, produced by a separate generator at each end 
of each section of line. The generator is connected to 
the current transformer on the power line in such a way 
that the emission of impulses is eontrolled by the 
direction and amount of the line current. Reception 
of the impulses at the other end of the line is controlled 
by the current transformer at that end and the complete 
arrangements are such that the radio relays will permit 
the breakers at each end of a line to be tripped when- 
ever the power current flows into the section from both 
ends. The actual tripping is done by over-current or 
directional relays of the conventional type. In order 
to keep the high-frequency eurrent in its own section 
of line a tuned reactor is placed between each power 
conduetor and the bus bars. 


Another scheme makes use of a lower frequency, 
say from 500 to 2000 cycles, generated by several small 
three-phase generators located at various points on 
the system, the high-frequency potential being super- 
imposed on the main power supply. This superimposed 
frequency is high enough so that very little of it will 
leak through the power apparatus because of its high 
impedance to the high frequency. When a fault occurs, 
the nearest high-frequency generators cause a heavy 
current to flow and operate high-frequency over-current 
relays at each end of the faulty line. The distant 
relays will not be operated because the impedance of 
the system to such high frequencies keeps the current 
down to a small value. In many cases it is necessary 
to put a small reactance in each end of a section of line 
in order to make sure that the current in the good 
sections will be kept small. 


Both of the high-frequency schemes have features 
which appeal to the protection engineer, and it is quite 
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likely that as experience is gained in their operation, 
they will become popular. 

Bus Protection. When either a Silobawite or a.carrier- 
current scheme is used, some form of bus protection 
must be applied. Many engineers hesitate about 
installing differential protection where many bushing- 
type current transformers must be connected in parallel. 
Heel-and-toe switches connected in the current trans- 
former leads and operated by the breaker are sometimes 
used under such conditions, but are generally considered 
as a hazard and therefore to be avoided if possible. 

To overcome these objections and the complex con- 
nections of the standard bus differential, protection is 
often provided against phase-to-ground faults only. 
One means of doing this is by grounding the tower 
structure through current transformers. The current 
transformer secondaries are connected in parallel and 
operate arelay toclearthe bus. Itis not necessary that 
any special precautions be taken to isolate the tower 
from ground since the relay may be set to operate on 
only a portion of the total fault current. 

This scheme may be amplified so as to isolate portions 
of the tower structure (electrically) from others, ground- 
ing each separately and thus permitting the isolation 
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of only the faulty section of the bus. "The insulation 
required between tower sections for this application 
need be only for low-voltage, or rather in the nature of 
high resistance. 

Parallel Line Protection. The desirable character- 
isties of the selective differential relay (as shown in 
Fig. 2), makes it suitable for protection of parallel 
lines provided there is à source of feed at each end. 
When the operating currents through the relay coils 
are in the same direction, as shown in Fig. 3 by relay 
No 1, the indications are that the fault is near the 
other end of the line and the relay operates on the least 
sensitive characteristic, as shown in curve A of Fig. 2. 
When the currents through the relays are in opposite 
directions, as indicated by relay No. 2 in Fig. 3, the 
indications are that the fault is close to that particular 
relay. 'This relay then operates on the sensitive 
characteristic shown in curve B, thus permitting of the 
relay being installed at stations where only a small 
amount of feed-back is available. If the relay opera- 
tion is not simultaneous, the opening of a breaker by 
one set of relays then permits the other set of relays 
to operate on the more sensitive characteristic curve. 

During eonditions of single-line operation, the differ- 
ential relay is usually inoperative, and some form of 
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back-up relay is essential. The application of differ- 
ential relays is therefore usually made in conjunction 
with back-up over-current or directional over-current 
relays, the differential relays being inoperative during 
conditions of single-line operation. The back-up relays 
also furnish protection against bus faults. Therefore, 
balanced protection on parallel feeders approaches the 
protection afforded by pilot wires during conditions of 
parallel operation, but for faults within the section 
during single-line operating conditions a long time is 
required for clearing, since selective settings are then 
used. 

Under many operating conditions, a substation may 
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Effective for both parallel and single-line operation, using directional 
over-eurrent relays 
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Fic. 48—Scuematic DiAGRAM or Trip Circuits or Fia. 4a 


have a connected source of .feed-back into a fault, so 
that directional back-up protection is necessary during 
conditions of single-line operation. For this applica- 
tion, cross-connected, over-current, directional relays 
are applicable. This scheme is shown in Fig. 4A. 
The relays each consist of a directional element and an 
over-current element, the contacts of the two elements 
being connected in series. The common points of 
these two sets of contacts is brought out of the relay 
case by a separate stud. The directional elements in 
both sets are practically instantaneous. The over- 
current element in one set of relays is given a short- 
time, low-current setting, and the over-current element 
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in the other set is given a long-time, high-current 
setting. 

Fig. 4B shows the schematic diagram of the trip 
circuits. The common studs on the two sets of relays 
are tied together for each individual phase so that, from 
this common connection, each directional element 
may trip its individual breaker. During conditions of 
parallel-line operation, the closing of either set of over- 
current contacts will cause the tripping of one or the 
other breaker, depending upon which directional 
element is closed. The disconnection of one line or the 
other, producing the conditions of single-line operation, 
causes the low-current short-time ovér-current elements 
to be disconnected from the circuit so that tripping 
must be performed by the relay having the high-time 
setting. These high-time over-current relays are set 
so as not to operate under conditions of maximum 
load current, and also to give the proper selective 
setting. | 

The objections to the use of balanced protection lie 
in the fact that the relays which give quick clearing of 
faults afford no back-up or bus protection, and extra 
relays must be used for this purpose. Also, under 
conditions of single-line operation, long-time is required 
for clearing a fault on the line remaining in service. 
The cross-connections are relatively complicated, and 
testing and checking is made more difficult. In ad- 
dition to these objections, the cross-connected direc- 
tional relay protective scheme requires a source of 
potential. 'This objection, however, is not serious, 
since a suitable low-voltage set of potential trans- 
former is nearly always available and the secondary 
potentials from these potential transformers may be 
used. 

Impedance Relays. 'The application of impedance 
relays satisfies many of the demands placed on pro- 
tective equipment for interconnections. Particularly 
is it true that rendering the system more complex does 
not necessitate increased time for operation, nor does 
the relay place limitations on the permissible system 
connections. The time required for clearing faults 
does not become cumulative. Bus protection, quick 
clearing of faults, and single-line protection are all 
secured. "E 

Used on transmission lines, irrespective of whether 
parallel lines or single lines are in service, the impedance 
relay will clear faults as quickly as will balanced relays, 
when faults are located near the extremities of the line. 
With a fault in the center of the section, the impedance 
relays will clear in approximately four-tenths of a 
second; and balanced relays, under the best operating 
conditions, may clear these faults faster than will the 
impedance relay. On the other hand, the impedance 
relay operates effectively irrespective of whether one 
or two lines are connected in parallel and is independent 
of other changes in operating conditions. 

Fig. 5 shows a typical connection of impedance relays. 
When applied in this manner, the relays protect against 
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phase-to-phase faults only and constitute only a small 
measure of protection against phase-to-ground faults. 
The use of potential is required with the impedance 
relay, but this objection may be overcome, as previously 
mentioned, by using low-voltage potential transformers. 
Another method of obtaining correct potential for 
relays when high-voltage potential transformers are 
not available is covered later. 

Relay Operation with Low Current Faults. To meet 
fully the requirements of relay equipment applicable to 
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Fie. 5—TypIcaL CONNECTION DIAGRAM oF IMPEDANCE 
RELAYS APPLIED TO SECTIONALIZE WIRE-TO-WIRE FAULTS ON 
‘TRANSMISSION SECTIONS 


interconnections, the relays must operate on fault 
currents, which may be less than full load current. 
In order to satisfy this demand, a fault-detecting device 
has been developed,—a device composed of an under- 
voltage and an over-current element connected in each 
phase. The contacts of these elements (two per phase 
or a total of six) are connected in parallel, so that any 
conditions of either undervoltage or over-current will 
cause the relay contacts to be closed. In applying this 
device, the over-current element is set to operate at a 
current value corresponding to approximately 125 per 
cent of the maximum load which is expected in practise. 
Therefore, the current relays should never operate 
unless heavy fault currents are flowing. The under- 
voltage device is set for, say, 75 per cent of normal 
voltage. 

The principle of operation of this combination is 
quite simple. If the distribution of generating capacity 
is such that the bus voltage will not drop below approxi- 
mately 75 per cent of normal, the current to a fault 
near the bus must necessarily be high. On the other 
hand, if the magnitude and distribution of the generat- 
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ing capacity is such as to permit only a small current to 
flow to the fault, the bus voltages near this fault must 
necessarily be very low. As a result, either the over- 
current or the undervoltage relay is sure to operate with 
a fault so located as to demand their operation for 
proper clearing. In order to fully meet the various 
conditions existing in practise, both the over-current 
and the undervoltage relays have a suitable range of 
adjustment. 

These relays are used in conjunction with standard 
low current relays in such a manner as to render the 
protective relays inoperative until a fault occurs. The 
fault detector relays may be used in conjunction with 
directional relays connected as shown in Fig. 4A to 
guard against the following two conditions, which are 
likely to cause faulty operation on interconnections. 
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The first of these conditions occurs only when the 
low-set relays have eurrent settings for less than full 
load. The faulty operation is eaused when an operator 
at a receiving substation trips one of the breakers on 
a pair of parallel lines carrying nearly full-load current. 
This causes all eurrent to flow over one line and this 
line will be tripped at the sending end by the low-set 
relays. To correct this trouble, fault detector devices 
may be applied as shown in Fig. 6. As shown in the 
schematic diagram, Fig. 6B, the contacts of fault detec- 
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tor relays are so connected as not to permit the low- 
setting over-current contacts to cause tripping unless a 
fault occurs on the system. The low-setting relays 
may therefore be given a current setting of any value 
without danger of tripping due to this operating 
condition. 

The second condition occurs when it is necessary to 
set both the short-time and long-time relays to operate 
under less than full-load conditions. The connections 
are then changed so that the current elements of both 
the long-time and short-time directional relays are 
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Fig. 7—APPLICATION OF IMPEDANCE RELAYS FOR PROTECTING 
SYSTEMS WHERE FAULT CURRENT IS LESS THAN Futt-Loap 
CURRENT 


normally short-circuited by back contacts of an 
auxiliary relay. This relay has three back contacts 
(each one short-circuiting the directional relay’s current 
coils in one phase), and a front contact to be used for 
connecting in the tripping contact circuits, or for bell 
alarm, as may prove desirable. This auxiliary relay 
is normally deenergized and is energized when any of 


the fault detector relays close contacts due to fault © 


conditions. When this connection is used, the relays 
may be given a sensitive setting without danger of 
tripping out due to heavy load conditions, since the 
short circuit is removed from around the current coils 
only under fault conditions. 

Fig. 7 shows another application of the fault detecting 
relay. In this application, operation of the line pro- 
tective relay under heavy load conditions is again 
prevented because the current coils of the relay are 
short-circuited. The fault detecting relays, when 
deenergized, permit the back contacts of the auxiliary 
relay to short-circuit the line relays. 
ditions on the system cause the contacts of one or more 
elements of the fault detector relays to close, thus 
energizing the auxiliary relay and removing the short 
circuit from the impedance relay. Then the impedance 
relay is permitted to function, and will operate, if the 
impedance between the station bus and the fault is 
sufficiently low. 
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Thus, after a fault on the system has occurred, all 
impedanee relays on the system are connected into 
service, permitting the one nearest the fault to open the 
circuit breakers on the faulty section. Since the im- 
pedance relay current coils are normally short-circuited, 
they may be set on the one-ampere tap although maxi- 
mum load currents may be five amperes. This scheme 
has a second advantage, in that the relay burden is 
removed from the current transformers except under 
fault conditions. 

Fig. 8 illustrates an actual analysis which was made 
on a pair of parallel lines constituting a portion of a 
complicated interconnecting system. The single-line 
diagrams illustrate various operating conditions with 
maximum and minimum connected generator capacity, 
and with faults at various locations. A study of this 
indicates that the maximum load possible on the sys- 
tem is 4.6 amperes, and the minimum short-circuit 
current is 1.9 amperes. . The figures given refer to 
secondary amperes. This analysis indicates that, of 
the schemes considered, the one- to six-ampere impe- 
dance relays, in conjunction with fault detector relays, 
provide the most satisfactory protection. 


PHASE-TO-GROUND FAULT PROTECTION 
Advantages of Ground Relays. The oer 


resulting from application of ground relays for pro- 
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Fra. 8—CowPanisoN OF RELAY SCHEMES FOR PROTECTION OF A 
Pair or 220-Kv. TRANSMISSION LINES 


tection of transmission circuits are now well established. 
These advantages may be briefly itemized as follows: 


a. Ground relays operate on residual eurrents and 
so may be given a more sensitive setting than can the 
relays protecting against line-to-line faults. 

b. These sensitive settings are necessary because 
the magnitude of ground currents may be reduced below 
that value necessary to cause prompt operation of the 
relays normally protecting against line-to-line faults 
either by impedance in the neutral connections of the 
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transformer banks by resistance at the point of fault 
or by the high earth return impedance. 

c. A high percentage of faults on transmission line 
cause ground current to flow. Thus, the residual 
relay, with its relatively quick timing, increases the 
speed of clearing a large percentage of the faults. 

d. When this relay is used, those protecting against 
phase-to-phase faults act as a back-up protection. 


e. On certain types of system connections, an in- 
verse-time, over-current, residual-current relay may be 
used and the distribution of ground current is such as 
to cause the relays closest to the fault to operate 
always very quickly. 

Distribution of Residual Currents. On a system 
where the neutrals of all equipments are solidly 
grounded, the distribution and magnitude of fault 
currents differ depending on the type of faults. "As a 
result of this, the study of phase-to-phase fault condi- 
tions may not be sufficient to permit accurate setting 
of relays used for protection against phase-to-ground 
faults. In many cases a special study is required to 
determine the distribution of ground current, and this 
study quite frequently shows that protective equipment 
which is superior to that available for phase-to-phase 
fault may be applied for protection against phase-to- 


ground faults. 


The Method of Symmetrical Components (phase 
sequence) for analyzing fault conditions on trans- 
mission lines, developed by C. L. Fortescue,? simpli- 
fies this otherwise complieated problem. "The magni- 
tude of residual currents may be determined with little 
more effort than that required for the determination of 
the positive phase sequence quantities corresponding 
to a three-phase fault. To show the desirability of 
making this separate study, and to illustrate applica- 
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Fig. 9—System LAYOUT ror ILLUSTRATING CURRENT 
DISTRIBUTION 


tion of ground relays, a few results of a study of a simple 
system are given. 

The system used in these calculations is shown in 
Fig. 9. At one end of the system a generator is shown 
connected through a transformer bank, and at the other 
end of the system a generator is connected directly to 
the system. This has been done to illustrate that some 
difference exists depending on whether the generator is 
connected directly to the system or through a trans- 
former bank. The reactance of both the generator 
alone, and of the generator in combination feeding 


2. A. I. E. E. Trans., 1918, Vol. XXXVII, Part 2, p. 1027. 
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through the transformer bank has a total impedance 
of 15 per cent. 

The transformer banks at the substations are in 
some cases assumed to be connected star-delta with 
solidly grounded neutrals, so that they have the effect 
of grounding transformer banks on the system. To 
illustrate the effect of these banks as compared to 
delta-connected banks, certain caleulations have also 
been made with the transformer banks disconnected 
from the substation busses. 

Fig. 10 illustrates the distribution of conductor cur- 
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Showing effect of grounding the neutral of substation power banks 


rents throughout the system with a fault located be- 
tween Stations B and C on phase A conductor of one 
of these parallel lines. Fig. 11 illustrates the distri- 
bution of conductor currents for a similar fault; but 
here, the substation transformer banks are assumed to 
be delta-delta connected. 7,, Is, and J, are the phase 
currents and those marked J, are the generator and 
transformer bank neutral currents. 

By comparing these two figures, it will be seen that 
the magnitude and distribution of conductor current is 
radically changed, depending upon whether the sub- 
station transformer bank neutrals are solidly grounded 
or not. In Fig. 10 the biggest portion of the ground 
current flows through the neutrals of the substation 
transformer banks adjacent to the fault. The banks 
farthest from the fault pass only a small amount of 
residual current, the magnitude decreasing as the 
distance to the fault increases. This residual current 
distribution will vary depending upon the relative 
impedances of the transformer banks and transmission 
lines to the flow of zero phase sequence current, and 
therefore demands special study. 

Fig. 12 illustrates the difference in current distri- 
bution, depending on the type of faults and type of 
system. Fig. 12A shows the distribution of current 
for a three-phase fault. Fig. 12B illustrates the distri- 
bution of residual current for a fault located as shown 
on Fig. 10. The values shown in Fig. 12B are equal to 
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three times the zero-phase sequence current. They 
are therefore the residual currents which would flow 
through the relay coils of the ground relays. It is to 
be noted that here the current in the relays on the 
faulty section is much greater than that in any other 
relays on the system. This is true irrespective of 
whether the lines are connected in parallel or whether 
one line is disconnected from service. Fig. 12c 
illustrates the residual current which would flow through 
the ground relay coils for a fault located as shown on 
Fig. 11. 

Figs. 12A and 12c resemble each other very closely, 
the only difference being due to the increased reactance 
of the transmission line for phase-to-ground fault con- 
ditions over the reactance for a three-phase fault. 
As a result, on systems corresponding to Fig. 12c, 
the same system of relaying has been generally used for 
protection against phase-to-ground faults as is used for 
protection against phase-to-phase faults. The greatest 
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Conditions identical with those shown in Fig. 10 except that substation 
transformers have been removed. Generator No. 1 has been replaced 
by an equivalent impedance 


advantage of ground relays may be obtained from the 
current distribution as shown in Fig. 12B. Here, 
definite advantages in selectivity, speed of clearing, 
and sensitivity may be obtained by the use of ground 
relays. A comparison of Figs. 12A and 12B will 
illustrate that the use of ground relays with proper 
characteristics would assist materially in securing 
suitable relay protection on a system of this type. 


Definite-Time Ground Relays. Fig. 13 shows a dia- 
gram of connections for relays suited to the protec- 
tion of a system with current distribution similar to 
that shown in Fig. 12B. This diagram shows selective 
relays applied as for protection against single-line 
operation. Standard directional relays are used for 
protection against phase-to-phase faults. The direc- 
tional ground relay is of the low energy type with 
low-current setting. It also differs from the directional 
relays used for protection against phase-to-phase 
faults, in that maximum torque is obtained on the 
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directional element of the ground relay when the relay 
current lags behind the relay potential. 

Fig. 14 shows the distribution of residual currents in 
the system as shown in Fig. 11, except that a fault 
impedance of 10 per cent resistance is present. The 
vector diagrams at the various substation busses and 
at the faults are shown. As may be seen from this, 
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Fig. 12—A Comparison or FaAuLT-CunRRENT DISTRIBUTION 
WITH IDENTICAL FAULT LOCATION - 


A—Threc-phbase fault-current distribution 

B—Residual-current distribution with grounding transformers on a 
line-to-ground fault 

C—Residual-current distribution without transformer banks on a 
line-to-ground fault 


the phase displacement between the residual voltage 
and the residual current on this system will always be 
90 deg. so long as the system impedance is pure 
reactance. | | 

If this were true for all systems, the theoretically 
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OnE THREE-PHASE LINE 


correct relay to use would be one in which the maximum 
torque is obtained when there is a phase displacement 
of 90 deg. between voltage and current. On the actual 
system, resistance is present in the transmission lines 
and equipment. This will tend to decrease the dis- 
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placement angle. Under conditions where the phase- 
to-ground fault has no resistance and the neutrals of 
the transformer banks or generators are grounded 
through a high resistance, it is theoretically possible for 
the residual current and the residual voltage to be in 
phase, so that the unity power factor condition should 
cause the maximum torque. It is therefore desirable 
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For system as shown in Fig. 11 and with a 10 per cent fault resistance 


that this type of relay should secure the maximum 
torque at some angle lying in between zero and 90 deg. 
so as to be applicable to any system conditions. Until 
recently, relays commonly used for this purpose have 
had approximately true watt characteristics, and it 


== 


saat eee E ILLE 


fortavit [n This Direction 
Trio for Fault In This Direction w~ 


Line No.2 


ud. 
321 
Long lime High Short Time 
Current Relay Ground Low Current 
Setting Relay Set ting 


Fic. 15—LINE AND GROUND PROTECTION FOR BotH PARALLEL- 
AND SINGLE-LINE OPERATION UsinG DIRECTIONAL OVER- 
CURRENT RELAYS 


was possible for these relays to operate improperly under 
certain fault conditions. Where such a relay is now 
in use, it may be desirable to insert a phase shifting 
device in its potential circuit so as to obtain the proper 
phase relation. 
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The diagram shown in Fig. 15 is more desirable for 
the conditions shown in Fig. 12c. This diagram is 
similar to that shown in Fig. 4A, except that the ground 
relays are included. 

In order to avoid using high-voltage potential trans- 


- formers, the connections shown in Fig. 16 may be 


employed. As illustrated by Figs. 10 and 12B, the 
current flowing through the fault is largely supplied 
through the neutral of the transformer bank nearest 
the fault. Thus, instead of using a"potential as shown 
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corner 


» 
a 


A i 
e oad Relays, eh. 
TypeCwe Relay efc. 


Fig. 17—TypicaL DIAGRAM OF CONNECTIONS FOR GROUND 
Protection Using THE INVERSE TimME, RESIDUAL, OVER- 
CURRENT, GROUND RELAY 


in Fig. 18, the neutral current from the power banks 
may be used to determine the relative direction of 
current flow in a line. The currents in the line and in 
the neutral of the transformer bank are approximately 
in phase, so that the relay should be so designed as to 
have the maximum torque when the currents in the 
residual circuit of the current transformers and in the 
neutral connection of the power banks are in phase. 
The connections shown in either Fig. 13 or Fig. 16 are 
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equally good in determining the location of the fault. 

Inverse-Time Ground Relays. The diagram shown 
in Fig. 17 is an alternative for, and under certain 
conditions, an improvement over that shown in Fig. 
16. This scheme was first devised and put into ser- 
vice by Mr. Roy Wilkins.? 
here are inherently directional and in addition, operate 
with an inverse characteristic that is quite suitable for 
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For any fault location and for phase-to-ground faults for the system 
ghown on Fig. 9 


systems where the neutrals of all transformer banks are 
solidly grounded, as illustrated in Fig. 12B. Fig. 18 
shows the operating torque on the relays for the sys- 
tem as shown in Fig. 10. The curves plotted in Fig. 18 
are the products of the current in the transformer bank 
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Fig. 19—DriAGRAM OF INTERNAL CONNECTION FOR RESIDUAL 
CURRENT AND RESIDUAL VOLT~AMPERE RELAYS 


times the current in the line at any point on the system. 
This is the product which would tend to operate the 
. residual current relay when connected as shown in 
Fig. 17. The operating tendency of the relay de- 
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. portion of the transmission line. 
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creases rapidly as the fault approaches the adjacent 
substation bus, so that the quickest acting relay is 
that which is closest to the fault. In this respect, the 
relay has the characteristic of the impedance relay. 
After the breaker closest to the fault has cleared, the 
current through the relay on the far end of the faulty 
section increases and eauses inereased operating torque. 

By actual calculations, it may be shown that the 
relay operating connected according to Fig. 17 will not 
have quite so selective a characteristic under all con- 
ditions as would the device connected as a straight 
over-current relay as shown in Fig. 21. In some cases, 
the directional feature is necessary and is obtained as 
shown in Fig. 17. In many cases, however, the simpler 
connections shown in Fig. 21 should suffice. 

Since an inverse time over-current relay has suitable 
characteristics, it is logical that an instantaneous 
over-current device may be used with it to bring the 
time element down to zero for very heavy currents. 
Such a relay should be set to operate at a current value 
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Fic. 20—CHARACTERISTIC TIME-CURRENT CURVE FOR THE 
RESIDUAL-CURRENT RELAYS 


With relay on 0.5-ampere tap, No. 5 setting, the minimum operating 
product is 2 


which can never be obtained except when the trouble 
is within the relays own section of line. The fact that 
the ratio of maximum to minimum phase-to-ground 
fault current is very small, for a system of this type 
where selectivity is required, permits the instantaneous 
over-current relay to be effective over a very large 
Thus, with a fault in 
the mid-section, in many cases instantaneous operation 
of the relays will occur at both ends of the section. 
After one end of the section had been opened, due to 
either the instantaneous device or the inverse time 
relay, the current through the other end increases, 
increasing the likelihood of the operation of the instan- 
taneous device at the far end. 

The diagram of internal connections of an inverse- 
time-directional current relay is shown in Fig. 19. 
Working on the watthour meter principle, it is quite 
evident from this diagram that the relay connected as 
shown in Fig. 17 would be directional. The char- 
acteristic curve for this relay is shown in Fig. 20. 
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As previously mentioned, the inverse time relay may 
be used as a simple residual over-current device. Thus, 
at a switching station similar to that shown in Fig. 21, 
where neither a low-voltage nor a high-voltage potential 
transformer source is available, the ground relay may 
be applied and used as an inverse time over-current 


Switching 
Station 


Substation 


erp» 


Feeders 


No Power Or 
Por. Trans. At 
Sw. Station 


S1 
Sw. Station 
us 
Meters 
Trip Coil Qver- 


CWO" Relay 


Fig. 21—AÀPPLICATION OF THE RESIDUAL-CURRENT RELAY 
TO A SWITCHING STATION WITHOUT A SOURCE OF SECONDARY 
POTENTIAL 


device. The relay may be so set that proper selectivity 
may be obtained at this point so long as three breakers 
are closed. If only two breakers are closed, in case 
of any fault, the tie will be dropped and it makes no 
difference which relays operate. 

A modification of the connections shown in Fig. 17 is 
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that shown in Fig. 22. Here, a volt-ampere relay is 
used, the internal connections of which are similar 
to those shown in Fig. 19. The relay depends upon 
the principle that the product of the residual current 
and the residual voltage is greatest when the fault is 
close to the relay, with the result that the relay closest 
to the fault operates fastest. In addition to this, the 
relay is directional. 

On a system as shown in Fig. 12c, the residual volt- 
age, or three times the zero phase sequence voltage, 
increases from each end of the transmission line to the 
fault. The vector diagrams given in Fig. 14 illustrate 
the largest product closest to the fault. 

The operating forces on this relay would be as shown 
in Fig. 23 and would apply to the system shown in 
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Fig. 9. Quite clearly, the relay closest to the fault 
would operate much faster than any other relay on the 
system. ` This is true if the relay is so designed that the 
torque is proportional to the product of zero phase 
sequence currents and potentials as mentioned above 
in the discussion of the phase relations in the directional 
relay in connection with Fig. 14. 

This volt-ampere product may be obtained quite 
accurately by an approximation. The unbalanced 
voltage, or zero phase sequence voltage which is used 
on the relay, is usually due to the drop through trans- 
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former banks plus transmission lines up to the relay. ` 
The phase angle between this voltage and the residual 
current may be as much as 80 deg. Taking this as 
the maximum, one may set the relay so as to secure the 
maximum torque when the phase displacement is 55 deg. 
The conditions of the system may then change so that 
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the phase displacement varies from 80 deg. (0.174 
power factor) to 30 deg. (0.867 power factor) without 
introducing a volt-ampere error of more,than 10 per 
cent. Due to the inverse characteristic of the relay, 
this small error should cause not more than 5 per cent 
error in relay time; and this is permissible since approxi- 
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mately the same error is applied to all relays. There- 
fore 55 deg. is standard, but this should be modified for 
special cases such as are met when high resistance is 
inserted on all neutral connections. 

The application of this relay need not be restricted to 
systems where the neutrals of all power banks are 
solidly grounded. Since the zero phase sequence 
voltage on practically any system will be largest on 
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those relays closest to the fault, it can be used in prefer- 
ence to the definite time relays and gain some improve- 
ment of timing over them. The objection to this 
application lies in the difficulty in making the correct 
setting. 

The Use of the Polyphase Directional Relay. The 
distribution of current on systems with a multiplicity 
of grounded neutrals, as shown on Fig. 10, is often 
inimical to correct operation of single-phase directional 
relays. Heavy currents often flow in all three phases 
during phase-to-ground fault conditions, with the 
result that certain single-phase relays may cause the 
clearing of breakers which should not open. ‘This is 
particularly true of those systems where ground relays 
are not applied. Where difficulty is experienced in 
this particular application, the three-phase relay offers 
the best solution The connections for a relay of this 
type are shown in Fig. 24. 

- In the three-phase relay, the residual current causes 
a predominating torque during phase-to-ground fault 
conditions so that the currents in the good phases can- 
not cause faulty operation. Similarly the fault currents 
on such a system are always sufficiently large so that 
the load current will never affect the relay in such a 
direction as to prevent proper operation. 


A TYPICAL RELAY INSTALLATION 


Fig. 25 represents a composite picture of relays suit- 
able for application to a system as shown in Fig. 9. 
Impedance relays are used for protection against phase- 
to-phase faults, so that the maximum time of relay 
operation is three-quarters of a second. The average 
time will be much less than that and will approach very 
closely the timing obtained by parallel-line protection. 

Potential for these devices may be obtained from low- 
voltage potential transformers with suitable compensa- 
tors, from high-voltage potential transformers, or from 
a tap on the condenser bushing of the circuit breaker. 
The voltage thus obtained is higher than desirable, 
and must be reduced and its phase shifted by means of a 
small stepdown transformer and network, according to 
a method developed by J. F. Peters. 

The load conditions on the system here shown are 
assumed to be such that fault currents of less than full- 
load magnitude must be guarded against. For this 
reason, low-current setting impedance relays are used 
and these relays are normally short-circuited by the 
auxiliary relay contacts. The fault detector relays 
operate under conditions of either over-current or under- 
voltage to remove this short circuit from the impedance 
relay coils. The residual relay is used to obtain the 
selective timing necessary for protection against phase- 
to-ground fault. In addition to the inverse time 
residual relay, an instantaneous over-current relay has 
been added to increase the speed of operation over that 
afforded by the residual relay for certain fault con- 
ditions. For this particular application, a directional 
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instantaneous over-current relay was necessary and 
the directional element has therefore been included in 
a separate case. 

This protective scheme compares very favorably with 
the ideal system for interconnections as previously 
specified. It has the following advantages: 

l. The quick clearing of faults. 

2. System operating set-up does not affect relay 
operation. 

3. Relay system permits unlimited system extensions 
and revisions without necessitating increased relay 
timing. 

4. The relay system should necessitate little or no 
change on the installed relay equipment protecting 
the individual systems combined by the interconnection. 

5. Relays afford protection against bus faults. 

6. Back-up protection against faulty operation of 
reays or breakers is afforded by this system of 
protection. 

7. High-voltage potential transformers are not re- 
quired. The breaker equipped with bushing type 


current transformers supplies both current and potential- 


for the relays. Potential may also be obtained from 
low-voltage potential transformers. 

8. The relay equipment is simple, standard, and 
economical. 


Discussion 
H. D. Bradley: It might be well to point out in connection 
with the potential and ground relay, as mentioned, that there is a 
possibility of improper operation unless the potential trans- 
formers are single-phase. I refer to the scheme in which the 
star-delta-connected potential transfers were used, with the 
neutral of the star side grounded. 


We had some experience along that line on lower voltage 
systems using three-phase potential transformers and learned 
that when a ground occurred on the system the fuses were blown 
and the relays were rendered inoperative, or operated incorrectly. 
The ground phase of the transmission line put a short circuit on 
one phase of the potential transformer, and due to the coupling 
of the magnetic circuits it virtually placed a short circuit on the 
potential transformer and resulted in blowing the fuses on the 
other phase. It is also possible in some cases to get the improper 
operation on the potential in directional relays. 

We are getting away from that sort of operation by putting 
on a lock-out device similar to that described in the author‘s 
paper. 

In the New York system we have a source of back feed to the 
132-kv. cable which permits us to use a directional ground relay. 
‘This, we think, can be set to operate to pick up on less than 100 
amperes. . 

E. E. Georges (by letter) Perhaps the only statement that 
might be questioned by some is that referring to the hazard of 
high-voltage potential transformers. High-tension bushings are 
used on switches and power transformers with so little trouble 
that the question of their hazard probably does not prevent their 
wider use. 

The balanced pilot-wire scheme in Fig. 1 looks very good for 
short lines. 

It is to be hoped that we will soon get abundant operating 
experience from the industry on the use of carrier-current pilot 
protection, especially on intercompany tie lines. 


CRICHTON AND GRAVES: RELAY PROTECTION 271 


There is a demand for a relay which will open tie “nos when an 
out-of-step condition prevails. 

The scheme (shown in Fig. 21) of using a directional ground 
relay as a straight ground relay to get the same timing character- 
istics is very ingenious and should be applicable in many 
locations. 

It is possible to use the scheme shown in Fig. 17 with a very 
small grounding transformer. In fact we have one installation 
where the grounding transformer cost less than three potential 
transformers would have. Since the phase angle is so small 
between the ground current in the grounding bank and the 
ground current in a faulty line, there is little opportunity for 
this relay to work incorrectly on account of variations in power 
factor. Such variations are a liability of the type of ground relay 
shown in Fig. 16. 

It is very encouraging to see the discussion of the advantages 
of ground relays. Operating experience seems to bear out all 
of the advantages claimed. 

In enumerating the advantages of ground-relay protection, 
perhaps some mention should be made of the necessity of pro- 


.viding good bushing current transformers and of the advisability 


of testing them with current in one phase only after all con- 
nections have been completed, so as to get the full by-passing 
effect of the two phases which are not energized, as well as of the 
high impedance in the neutral circuit which does not apply 
for phase-to-phase faults. These difficulties are being overcome 
by the use of better iron in bushing current transformers, the 
use of larger current transformers containing more iron, and by 
the use of two current transformers in series per phase, which is 
standard practise with several companies. Ground tests at 
full system voltage provide the best over-all check of relay type, 
setting, and connection. 

The diagram shown in Fig. 2 is very interesting, but a little 
more explanation might be desirable. For instance, it should be 
made clear whether this type of relay has the same time char- 
acteristics with the currents in the two coils 180 deg. out of phase 
as when they are in phase. 

There is an application of selective differential relays for auto- 
transformers on interconnections which has not been touched on 
in this paper. Where interchange substations consist only of a 
grounded auto-transformer with only one line at each voltage, 
it is possible to use a selective differential ground relay, balanced 
by use of auxiliary auto current transformers for a through flow 
of ground current. The additional ground current supplied by 
the auto-transformer will prejudice the balanced relay toward the 
line in trouble, leaving the auto-transformer and its tertiary load 
connected to the good line. In making the balance it is necessary 
to assume that the through current varies inversely as the trans- 
formation ratio of the auto-transformer. This scheme has been 
in successful operation on our system for about two years. 

One feature, not touched on in the present paper, which acts to 
discourage the wider use of potential-operated relays of the power 
directional type or residual volt-ampere type is the lack of any 
universal relation between power factor and fault conditions on 
the system, especially on interconnected systems. Phase angle 
between load current and phase voltage varies over a wide range 
under normal and abnormal operating conditions, without any 
faults on the system. Even under fault conditions the phase 
angle may vary nearly 90 deg. at the same location and is widely 
different at various locations even on the same system. The 
same statements apply to residual potential and ground current. 


The above conditions explain the operating results given below 
which have been obtained by certain companies in this territory. 

1. Power directional relays are of little value on inter- 
connected systems. 

2. Impedance relays are reasonably satisfactory. 

3. Directional ground relays of the type using two current 
elements and connected up as per Fig. 17 in the paper under 
discussion have been remarkably satisfactory. 
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4. Selective differential relays have been very satisfactory 
when properly set and interlocked. 

5. Directional volt-ampere relays have given some trouble 
due to variation in power-factor relations. 

The foregoing comments are naturally based on operating 
experience under conditions that may or may not be general in 
the industry. 

L. F. Kennedy: The crux of this whole situation is to main- 
tain the stability of the system which in turn requires very rapid 
clearing of faults. This is also tied up with the accuracy that 
may be obtained, because without accuracy we cannot get down 
to minimum time settings. 

Further, the bus sections must be treated as part of the line 
and whatever protection is provided necessarily covers these. 

One point which has not been discussed is the protection of 
the power transformers used in the interconnections. These 
transformers today are, in many cases, of the three-winding type 
and the protection provided here is further complicated by the 
use of tap-changing arrangements. 

The so-called impedance relay in its principle and theory ap- 
pears very well adapted to single-line operation. However, we 
feel that there is still a great deal of development to be done 
‘before this relay is ready for final use by the operating com- 
panies. At the present time it appears that the adjustment and 
maintenance is more complicated than ean be stood for a very 
extended length of time. Therefore, it appears that the 
manufacturers must continue their investigations, and I feel 
certain this is being carried on by the leading companies. 

The use of ground relays, either of the quantitative or direc- 
tional type, the directional type being polarized either by voltage 
or current as the conditions permit, have met with a very high 
degree of success, and operating conditions seem to indicate that 
more and more importance should be given to the protection 
against ground faults since with the higher-voltage systems we 
run into more ground faults than on any other type. Nearly 
every case of short circuit at the present day eventually goes to 
ground, and therefore in the final analysis the ground relay is the 
thing of greatest importance. 

The situation, as it stands today, indicates that for parallel- 
line operation balanced hook-ups with the back-up protection 
necessary provided by over-current relays may be more desirable 
than anything else because of the simplicity and the fact that 
they are well known and it does not seem justifiable to ask the 
operating companies to spend too much time and money with 
schemes which are not in the final state of development. 

In conclusion, let me emphasize once more that the main 
problem confronting both the operating companies and the 
manufacturers is to find some way of shortening the time neces- 
sary to clear a fault. If, as Mr. Jamieson has pointed out, we 
could catch the incipient fault it would be ideal. However, 
catching the incipient is still a problem of proper selectivity. 

L. R. Janes: There are three questions that I should like 
to ask Mr. Graves concerning ground relays. 

First: Are ground relays applicable for clearing “partial 
short circuits” on overhead systems such as we have in this 
territory? By a “partial short circuit’? I mean a condition 
similar to that resulting from the breakdown of an insulator 
thus leaving only the pole or crossarm for insulation. The case 
of a conductor falling to dry earth is another example. 


Second: As I understand it, the ground relay is only appli- 
cable for clearing phase-to-ground faults. Is phase-to-ground 
fault protection satisfactory and sufficient for overhead lines? 
In other words are practically all faults from phase to ground or 
does experience show that a considerable percentage are from 
phase to phase? 

Third: Consider the case of a generating station supplying 
several substations located at points scattered along a trans- 
mission-line loop. If ground relays only are installed at the 
generating station on each of the two out-going lines and a fault 
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occurs approximately half-way around the loop which is the point 
most remote from the generating station, will not the fault 
currents in each branch of the loop be approximately equal and 
thus cause both lines to open instead of only the one containing 
the fault? 


F. D. Wyatt: On power systems using neutral resistance for 
fault-current limitation, the relay current during ground faults 
necessarily is of small value. The ground relay becomes of 
increasing importance on the power system using the neutral 
resistance for current limitation, and that its operation should 
be dependable is one of the difficulties to be reckoned with. 
The ground-relay scheme must involve a sensitive relay whose 
sensitivity and reliability depend largely on the range of fault 
currents for which it must operate. 


The paper shows one of the factors controlling the range of 
variation, namely, variation in generating capacity and point of 
generation, which may cause wide variation in the magnitude of 
fault currents. The paper also brings out the complications 
which are necessary in the relay circuit to compensate for the wide 
range of fault currents. For ground relaying, the situation is 
further complicated by the wide variation possible in the resis- 
tance of the fault and also a variation in the number of grounded 
neutral points. 


The ground relay should also differentiate between low-value 
fault currents and small residual currents which may result due 
to the character of the relay circuit and system connections. 
Ordinarily, the balanced protection applied to a pair of lines, it is 
assumed that the lines are of equivalent and equal impedance 
characteristics. This, however, is not always the case so that 
when lines are of unequal length it is necessary to make pro- 
portional adjustment for the distribution of current. The 
problem is a little more difficult if the lines are not of the same 
power-factor characteristic. 


Another factor which enters into the setting of balanced line 
relays is the possibility of induced voltages being applied to a 
good pair of lines by external circuits adjacent to the balanced 
pair. That is, assume that there is a line which is a part of a 
good pair running adjacent to another circuit which is in trouble 
with a phase to ground fault. Due to the current in the faulty 
circuit, potentials will be induced on the balanced pair which 
will cause a circulating current to flow in the loop formed by the 
balanced pair. Then a current will flow through the ground 
relays and if they are set at too low a current value an incorrect 
relay operation on the pair of good lines will occur. 


If I may, I should like to answer the last question of Mr. 
Janes. That situation can be taken care of by using directional 
ground relays instead of current ground only. At the power 
station or substation where neutral resistors are available, or 
neutral current can be measured, directional features can be 
secured where there is not a transformer bank or transformer 
neutral. This may be secured by using potential transformers 
arranged to give an inside delta potential which is the residual 
voltage at the substation. l 


B. M. Jones: (by letter) The scheme shown in. Fig. 15 is 
admirably suited to our system, for it simplifies the present 
scheme of balanced parallel-line protection which we have been 
using, in that it removes several complications. On our system 
we are not confronted with small fault currents wherein these 
fault currents are less than the load currents, for our system is 
relatively compact and a considerable amount of ground current 
flows in all ground faults as well as short circuits. 


Fig. 13 shows a diagram for directional line and ground pro- 
tection for a single-circuit 3-phase transmission line. This 
particular scheme is standard with our company, and I believe 
that we were one of the first companies to adopt such a scheme. 
We have this scheme in use very widely on our 22-kv. system and 
to a limited extent on our 66-kv. transmission line. This scheme 
of directional ground protection was described by Mr. Dodds 
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and myself in a paper presented before the Institute in Detroit 
in June of this year. 

Fig. 25a shows a complete relay scheme applicable to a complex 
interconnecting system which uses thirteen relays for tying 
together two lines. This is a vast number of relays and a cor- 
respondingly complicated connection; and to my mind strenu- 
ous efforts should be made to simplify such a scheme. While 
such a scheme may look well on paper and may suit the engineers 
in the office, the relay trouble shooters are certainly going to 
have their troubles in maintaining such a mass of connections 
as this scheme shows. 

While our company has used single-phase directional relays 
in all cases in the past, I can easily see that there are certain 
applications wherein the polyphase directional relay has some 
advantage over the single-phase relay. We have a certain case 
in mind on our own system now, where we are looking into the 


- advantages to be gained through the use of polyphase relays. 


It has been our experience, and I feel that other operating 
companies have encountered the same situation, that complicated 
relay schemes are hard to maintain and require a very high grade 
of skilled help, and eventually cause considerable trouble and 


inconvenience, and sometimes considerable embarrassment to 


those responsible for the relaying of the system. 

Our company leans very strongly toward making all relay 
schemes as simple as possible to provide adequate protection and 
at the same time have as few a number of schemes as might be 
necessary. 
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'The Duquesne Light Company has a 36,000-kv-a., 66/132-kv. 
tie line with the West Penn Power Company, our immediate 
neighbor, which line is 214 mi. long. There is a transformer 
bank in our Colfax Power Station, which steps our bus voltage 
to 132 kv. for this line. 

The particular relay scheme: used for this is very simple and 
effective. The idea behind this tie was to hold the tie in unless 
there was trouble on the tie itself, or when serious trouble on 
either system hung on for an unreasonably long time. On 
this basis, the maximum benefit would be obtained from the use of 
the tie line. _ 

The accompanying sketch shows the time-current characteris- 
tics of the relay scheme used, which is briefly the installation of 
two sets of over-current relays at each end of the tie line which 
are set alike in pairs. 

One set of relays at each end of the tie line are ‘‘fast relays" 
and the other set ‘‘slow relays." The ‘‘fast relays" operate for 
trouble on the tie line itself on one side of the bank and will 
cause enough current to flow in the closest relays (closest elec- 
trically, from an impedance point of view), to operate, thereby 
breaking the tie at one end. The ''slow relays" will operate 
for trouble beyond the bank on either side, and are set slow 
enough to allow the relays of the power company in trouble to 
clear the trouble. In case the power company in trouble does 
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not clear itself of trouble within the time setting of the slow 
relays, they will break the tie, thereby relieving the good system 
from the difficulties of the system in trouble. The ground relays 
are set same as the fast relays, and of course operate for trouble 
on the tie line itself. ; 

Our experience has shown that this relay scheme operates as it 
was planned to operate, and occasions have arisen whereby the 
slow relays have taken out the tie when the system in trouble 
did not cut the trouble clear promptly. 

H. H. Green: (communicated after adjournment) The 
carrier-current protective scheme referred to brings into the 
protective-relay field principles which are new to this phase of 
power-system engineering. The pilot-wire scheme, which 
is the basic relay principle involved, is not new and is ideal for 
transmission-line protection. This relatively new carrier-current 
scheme has real possibilities and will require only an adequate 
operating record under service conditions before taking its 
proper place as a super-power system protective scheme. 

The scheme outlined in detail, requiring the use of special and 
standard relays, is based on relay principles in common use. 
The need of a quantitative study of short-circuit currents, in 
order to apply and obtain the maximum benefits with the relays 
now available, is quite obvious. 'The development of the Method 
of Symmetrical Components, for studying fault conditions, has 
placed in the hands of the protection engineer a means of handling 
this difficult phase-to-ground short-circuit problem, and the 
application of this method to the calculating table permits the 
handling of phase-to-ground short circuits on complicated 
systems, as 3-phase short circuits have been handled. The 
calculating table is, therefore, made still more indispensable as 
the type of construction of the super-power systems will result in 
phase-to-ground faults being in the majority. The calculating 
table is more indispensable than the slide rule, in its field, in 
relation to the protection of a large system and should, figuratively 
speaking, be at the protection engineer’s elbow. 

The need of a quantitative study of the problem makes it 
desirable to use recording equipment in the field to obtain 
accurate measurements of the quantities involved. A form 
of oscillograph, which is automatically put in service at the time 
of the fault, lends itself to this type of investigation and such 
records are of real assistance. 


H. C. Graves, Jr. Mr. Bradley has described two features 
which may cause incorrect relay operation. The first of these 
brings out the fact that 3-phase core-type potential transformers 
cannot be used in general for relay protection, particularly when 
directional ground relays are used. Such potential transformers 
must be either single-phase transformers or of the 3-phase shell 
type. The second point made by Mr. Bradley is that directional 
relays may operate incorrectly if the overcurrent contacts open 
so slowly as to permit the directional contacts to close and cause 
faulty tripping before the overcurrent contacts open. One 
correction for this trouble is also indicated. 


In the majority of cases where such trouble oceurs, it will be 
found that it can be corrected by increasing the contact spacing 
of the directional element. It should be noted that this direc- 
tional element need not be instantaneous, but need only be fast 
enough always to close before the closing of the overcurrent 
contact. Overcurrent relays of the ungeared type will open their 
contacts in from 3 to 4 eyeles (60-cycle basis) after the relay is 
de-energized. "This quiek opening of the contaets permits the 
relay to handle the majority of cases described by Mr. Bradley 
without eausing faulty operation. In those few cases where the 
contact spacing cannot be increased sufficiently to avoid the 
trouble, directional overcurrent relays may be employed. These 
have directional contacts connected in series with the upper pole 
circuit of the overcurrent element, thus preventing operation of 
the overcurrent element until power flow is in the direction which 
causes closing of the directional contacts. The overcurrent 
contacts are then permitted to trip the circuit breaker directly. 
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This arrangement is very simple but involves special design of the 
upper pole windings of the overcurrent element. 

The diagram shown in Fig. 2, referred to by Mr. George, brings 
out the different operating characteristics of this relay depending 
upon whether the currents in the two coils are in phase or are 
180 deg. out of phase. Curve A represents the in-phase con- 
dition, or the condition where currents flow out on both the good 
line and the bad line. Curve B illustrates the condition which 
would exist at the other end of the line, or the relay characteristics 
with the currents 180 deg. out of phase. 

The point made by Mr. George relative to the necessity for 
having current transformers of good characteristics for operating 
residual relays is of importance. Residual relays have a rel- 
atively low volt-ampere burden, but the impedance is usually 
higher than the line protective relays because of the fact that 
lower current taps are used. As a result of this fact a phase-to- 
ground fault causes a voltage to be built up across the residual 
relays which tends to cause the fault current to circulate back 
through the bushing type current transformers in the good 
phases. Unless the characteristics of the bushing-type current 
transformers are good, this leakage current will be so appreciable 

as to affect the relay operation. 

_ Mr. George also brings out the fact that the use of volt-ampere 
relays is hindered by the fact that the phase angle under fault 
conditions is quite variable. This in itself would indicate that 
the volt-ampere relays could be used to advantage on systems 
whose neutrals are grounded through a grounding resistor. 
This tends to establish a fairly constant angle between the 
residual voltage and residual currents. Thus advantage may 
be taken of the fact that the residual voltage and residual 
current invariably increase as the fault is approached. 

Mr. Kennedy stated that ‘‘The so-called impedance relay 
in its principle and theory appears very well adapted to single- 
line operation." We are pleased to add that operating expe- 
rience with relays of this type indicates that they also work out 
in practise. At the present time both types of relays can be 
used with the assurance that their operating characteristics are 
definite, and that they will therefore operate according to the 
adjustments made. 

On eomplieated systems it is necessary to ascertain the dis- 
tribution of and value of short-eireuit eurrents in order to 
determine breaker ratings and relay settings. 'To make this 
study it is necessary first to determine the reactance or im- 
pedance values of the system, set up these values on a calculating 
board and read the short-cireuit current for both maximum and 
minimum conditions of generating capacity. This involves a 
considerable amount of labor. Knowing the current values for 
the minimum condition of generating capacity, the relay setting 
of definite time relays may immediately be established. For 
inverse-time overcurrent relays this is not the case since the 
relays must be set so as to secure selectivity under the maximum 
condition of generating capacity as well as minimuni condition. 

After the short-circuit study has been made, it is as simple to 
determine the setting and operating time of the impedance relays 
as is the case with inverse-time overcurrent relays. The fact 
that the impedance relay is practically independent of con- 
ditions of generating capacity simplifies the determination of the 
time required for the operation of the relay. 

The first question asked by Mr. Janes can best be answered by 
the statement that the present design of ground relays permits 
them to operate when the current flowing to ground is such as to 
cause 0.5 ampere to flow in the secondary of the current trans- 
formers. This is somewhere in the neighborhood of 12 per cent 
of full-load current. These relays are therefore much more 
sensitive than can be the relay protecting against phase-to-phase 
faults. If the fault is such as not to permit this value of current 
to flow, the additional load imposed on the transmission system 
is probably so small as to be negligible until the faults develop 
into a phase-to-phase fault. When this happens the phase 
protective relays will clear the fault. In answer to the second 
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question, I should say that the general concensus of opinion 
today is that both phase-to-phase and phase-to-ground fault 
protection is necessary. If only one type of protection be used, 
it should be the phase-to-phase protection. The greatest 
majority of faults on a system consist of phase-to-ground faults, 
but on most systems phase-to-phase faults will oceur which will 
not tend to operate the residual relays. ^ 

À general answer to the third question is difficult in view of the 
fact that almost every ease must be handled individually. In 
general, for systems of this type, residual relays will not mate- 
rially assist in reducing the relay time unless the system is similar 
to that shown in Fig. 10. On the average system where the 
loop is grounded at only one end, and particularly where the pole 
hardware is not grounded and no overhead ground wire is used, 
residual relays will be advantageous because of their inereased 
sensitivity, but in general will not cause any quicker clearing 
of phase-to-ground faults than will the phase protective relays 
in eases of phase-to-phase faults. Howover, since the distanee 
between stations is so short as not to permit the application of 
the impedanee type of relay, it would seem possible to apply 
pilot-wire protection, at least to the shortest sections, and thus 
reduce the number of selective settings necessary. 

Relative to the selectivity of operation of the residual relays, 
on systems as described by Mr. Jones, the treatment must be 
very similar to that used for protecting against phase-to-phase 
faults. For parallel lines the residual relays are usually cross- 
connected. The exception to this is the system described in 
Fig. 10 where the residual relay acts somewhat in the nature of 
an impedance type of relay so that the relay closest to the fault 
will always clear first thus assuring selectivity even in case of 
parallel lines. 

Mr Wyatt has mentioned the problem which has been met by 
several operating companies wherein a faultly line induces a 
current in one of a pair of parallel lines, thus offsetting the 
balance in this supposedly balanced pair and causing operation 
of the relays. This usually occurs only for phase-to-ground 
faults, and one solution consists of increasing the settings of the 
balance relays. This solution is undesirable in view of the fact 
that it reduces the sensitivity of the ground relays, thus doing 
away with one of their major advantages. A second suggested 
solution consists in balancing the unbalance in the two pairs of 
parallel lines. The unbalanced current in the faulty pair of 
parallel lines will invariably be greater than that in the good pair. 
This difference in unbalances will cause a set of contacts to close 
which will permit the operation of the relays on that pair of 
parallel lines which has the greatest unbalance. The objection 
to this scheme lies in its complexity, and in the fact that the 
scheme cannot take care of unbalances at the neighboring stations. 
These relays must still be set high to avoid faulty operation. 
The relay solution here as in many other relay problems consists 
in designing the system so as to permit proper relaying without 
excessive cost. 

Mr. Jones has found objections to the system of connection 
as shown in Fig. 25, because of its complexity. This we believe 
is just, and this system of connection should never be installed 
except in those extreme cases where necessary. However, as 
mentioned by Mr. Green, each part of the scheme consists of 
relay principles which have been in use for some time and have 
been proved, and thus an experienced maintenance crew guided 
by the short-circuit study and operating experience, should have 
no difficulty in determining the cause of faulty relay operation. 

In conelusion, I should like to add that simplicity in the pro- 
tection schemes invariably gives the best results. However, 
to be able to employ simple relay schemes, it is essential that 
the system layout be such as to permit these simple schemes to 
be used. Relay application is complicated because all systems 
are different. The system grows up and as it grows the relays 
are changed so as to take care of the newly developing conditions. 
The best results can be obtained only when the planning of the 
system and the scheme of protection go hand in hand. 
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Alternator Characteristics Under Conditions 
Approaching Instability 


BY JOHN F. H. DOUGLAS! 


Associate, A. I. E. E. 


Synopsis.—In this paper the comparatively recent discovery of 
generator instability is discussed. A method of testing synchronous 
machinery in the unstable as well as in the stable range is described. 
The results of tests performed on two machines is shown and dis- 


INTRODUCTION 


NTIL recent years the loads on power systems were 
with a predominately lagging current. While 
the regulation of the generators was sometimes 

quite poor, nevertheless the operation showed high 
stability and the field rheostats were adequate to control 
the voltage without loss of synchronism. Perhaps 
because of this fact, and perhaps for other reasons, 
textbooks have shown practically no diagrams or full- 
load saturation curves for leading power factors. The 
student might well obtain the impression that the solu- 
tion of the problem of regulation for such power factors 
would be carried out without difficulty, but when one 
attempts to carry out the solution, one meets with 
several obstructions of a theoretical nature. 

Of late years the voltage and length of transmission 
lines have been increasing and the number of inter- 
connections growing. Consequently the leading 
current load is becoming quite an item. At the same 
time due to attempts to improve customer power factor 
the lagging current load has shown a tendency to 
decrease. As a consequence, some curious phenomena 
have been noticed and reported: 1. A very unstable 
voltage on light loads when the line charging current 
is carried by too few units. 2. Inadequate field 
rheostat resistance to keep the voltage down. 3. The 
combination of lines and generator becoming self- 
exciting, that is, a resonance between the inductance of 
the machine and the capacity of the line, giving high 
voltage with the field circuit open. 4. Generators 
remaining in step with small reverse field excitations. 
5. Generators slipping a pole when the reversed field 
excitation is increased, and before the voltage is brought 
down to normal. When this pole slipping takes place, 
there is a surge which causes the voltage to rise to 
considerably above normal. 

The difficulties met in attempting to apply the 
A. I. E. E. rule for leading current loads is well illus- 
trated in Fig. 1. The curve O X is the no-load satura- 
tion curve; F Y is the full-load zero power-factor 
lagging saturation curve, and F Z, the full-load unity 
power-factor saturation curve. The zero leading 

1. Both of Marquette University, Milwaukee, Wisconsin. 
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and 


cussed. The conclusion is drawn that the design of customary 
machines will have to be improved, synchronous condensers installed 
on many long lines, or inefficient underloading of units will have to 
be tolerated. ` | 


power-factor full-load saturation curve is shown by 
the line A BC D, or the line ABC E. The segment 
A B is as much above the no-load saturation curve as 
the line F Y is below it, as required by the A. I. E. E. 
rule. For saturations below this point, one is in doubt 
as to just how to proceed,but if it be assumed that the 
synchronous impedance is a constant, the segment 
BC would be drawn parallel to the line OX. For 
voltages below OC we meet another difficulty. If we 
continue the line toward the point D, we have a charac- 
teristic which, unlike the lagging characteristics, does 
not pass through the point F. If we reverse the seg- 
ment C D, we are unable to account for the operation 
with reversed field currents and we must imagine a 
sudden 180-deg. shift of phase at the point C. 


Fic. 1—IrLusTRATING DIFFICULTIES IN ESTIMATING ZERO 


Power Factor LEADING SATURATION CURVES 


With the peculiar behavior of synchronous machinery 
reported and the obvious defects in the more usual 
theory before us, we determined to make some tests 


. with leading current conditions and if possible, try to 


extend them into the region of unstable operation. 


PRELIMINARY TESTS 


Our first tests were of a qualitative character. We 
sought to verify for ourselves just what took place when 
a generator lost control of its load. We connected an 
a-c. generator to a synchronous motor load, but did 
not take power from the motor. We overexcited the 
motor, loading the generator with leading current of 
low power factor. We included a field ammeter, 
armature ammeter, and voltmeter in the generator 
circuits. We attached a G. E. slip meter to the syn- 
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chronous motor shaft, which we excited from the same 
60-cycle supply that furnished power to the synchronous 
motor which drove the generator being tested. The 
amount of leading current was held roughly constant 


and varied the generator field current and generator 


voltage. The characteristic ABCE in Fig. 1 was 
obtained. At the point E there was a surge of voltage 
and current, the generator forged ahead one ‘pole or 
the motor slipped a pole as indieated by the slip-meter 
differential turning 90 electrical deg. The voltage 
after the surge corresponded to the point G. 

This experiment was considered to prove, in a 
general way, the results previously reported, and to 
indicate that further tests were worth while. 


TESTS OF GENERATOR CHARACTERISTICS BY A PUMP 
BACK METHOD | 


First of all it was determined to employ an opposition 
method of testing, in order to obtain, if possible, 
characteristics of the unstable condition of operation. 
This procedure was successfully used by one of the 
authors in testing synchronous motors in their unstable 
range, and reported on in the A. I. E. E. TRANS- 


D-C. Line 


X: 


2—CoNNECTIONS FOR DETERMINING COMPLETE 
EXCITATION CHARACTERISTICS OF ALTERNATOR 


Fra. 


ACTIONS, 1925; p. 164. It was found that the connections 
in Fig. 2 were suitable. The generator (1) was directly 
connected to an identical machine (2) with a movable 
stator controlled by the hand wheel (8). These 
machines were 15-kv-a. 1200 rev. per min. machines 
rated at 220 volts with a Y-connection. Machine (2) 
absorbed the power generated by (1). The losses were 
sometimes supplied by a d-c. motor belted to the set, 
and sometimes, from the connection shown to the 
60-cycle line. The amount and phase of the current 
output of the generator could be controlled by the 
hand wheel (3) and rheostats (4) and (5). 

The output of the generator was measured by a 
polyphase wattmeter; sometimes by the three-watt- 
meter method, using the neutral point on one machine. 
The line current and voltage were measured with the 
aid of a polyphase board. The phase angle of the 
terminal voltage with respect to the pole axis was 
measured with the contactor (6). This contactor was 
the usual point-by-point wave form apparatus, and was 
connected in series with one phase of the generator and 
a d-c. voltmeter, which was shunted by a condenser. 
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The movable arm carrying the contacts could be turned 
about and their position noted on a degree scale. They 
were turned at all times so that the voltmeter gave a 
zero reading. The shift of the contacts from no load 
to the point under observation indicated the amount 


, that the pole axis shifted with respect to the terminal 
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Fig. 3—ExciTaTION CHARACTERISTICS OF ALTERNATOR 
ZERO Power Factor LEADING AND LAGGING FOR CONSTANT 
ARMATURE CURRENT 


voltage. This use of the contactor was developed by 
Messrs. Edwin Baldwin and Earle Lashway when 
seniors at Marquette University. 

In the first series of tests, the wattmeter was at all 
times kept at zero by the hand wheel. Currents were 
circulated by maintaining a difference in the excitation 
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Fic. 4—Zz;Ro Pownr-Facror CHARACTERISTICS LEADING 
CURRENT IN REGION OF UNSTABLE OPERATION, FOR VARIOUS 
ARMATURB CURRENTS AND Various ANGLES OF POLE SLIP 


between the two machines. Runs were taken for 
armature currents of 60, 50, 40, 30, 20, and 10 amperes. 
Voltage, field current, and phase shift were recorded for 
each run. Owing to the fact that when the generator 
field was large, the motor field was small, and vice versa, 
the voltage seldom exceeded 270 volts. For the higher 
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voltages, therefore, the set was synchronized with the 
a-c. line. The data were in such form that it could be 
directly plotted in Figs. 3 and 4. Fig. 3 shows the 
voltage characteristics for zero power. factor, Fig. 4 
shows also the phase displacements in the unstable 
range. | 

It is to be observed that stable operating condition is 
shown with reversed current in the field, also that the 
lagging and the leading characteristies join at a 
common point F, and that the shift of 180 deg. is only 
gradually accomplished in the unstable range. A 
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Fic. 5—EXcItTATION CHARACTERISTICS OF ALTERNATOR AT No- 
LoAD AND Various LINE CAPACITIES 


phase shift from 30 deg. to about 160 deg. occurs at a 
practically constant voltage. These “nose’’ shaped 
generator characteristics are believed to be novel. 

Since a transmission line connected to a generator at 
no-load represents a zero leading power-factor load of 
constant ratio of amperes to volts, it was thought to 
be of interest to take a series of cross curves from Fig. 3 
representing constant equivalent single-phase ‘Sus- 
ceptances” of values from 0.00 to 0.2 in steps of 0.02 
amperes per volt. These cross curves are plotted in 
Fig. 5. It will be seen that with a charging susceptance 
of large value, the characteristics are quite steep and 
in some cases practically vertical. Under these con- 
ditions, voltage control is difficult. If it is not feasible 
to use synchronous condensers on such a line and under- 
excite them at light load, then it will be impossible to 
shut down too many units at light load. Of course if a 
considerable improvement in generator design is made, 
this conclusion may be modified. 

The second series of tests was made at a current of 
40 amperes, practically full-load rated current. For 
convenience, at voltages of less than 270 volts, each 
run was made with a constant phase displacement 
between the two machines. Above 270 volts, each run 
was made for a constant terminal voltage. In each 
run, the power factor was varied from zero lagging to 
zero leading by a proper variation of the two field 
rheostats. For each run the terminal voltage, power 
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factor, and phase displacement of the rotor was plotted 
against the field current. Cross curves were taken 
from these for constant power factors and constant 
phase displacements of rotor. Curves for 0, 70, and 
90 per cent lagging, and for 100, 90, 70, 50, 20, and 
0 per cent leading power factors were taken. Curves 
for 10, 20, 30, 40, 50, 60, and 90 deg. phase displace- 
ment were taken. All these curves are plotted in Fig. 6, 

It is to be observed that all the full-load saturation 
curves pass through one common point F; also that for 
power factors of less than 20 per cent leading current, 
it is possible to obtain stable operation with reversed 
field current. The line E S F passes through all the 
points where the curves are vertical and may be taken 
as the limit of stable operation. Below and to the left 
of this line, generator operation is unstable; that is, it 
will forge ahead a pole if it is free to do so. The phase 
displacements of the pole axis from the terminal 
voltage are small in the stable operating range and are 
considerably less at high saturations. 

The hope for improved design and increased stability 
consists of being able to extend the nose of these curves 
toward the region of reversed field currents, and to 
lower the lower edge of this nose at the place where it : 
intersects the Y-axis. Attention will be called in a 
later paragraph to the constant of the machine, which 
requires improvement. 
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Fie. 6—Fuui-Loap Saturation Curves BY TrsT Loor 
oF CONSTANT Powpr Factor AND PornE SLIP ANGLE. Locus 
ESF or STABILITY Limit 


TESTS OF GENERATOR STABILITY WITH 
DIRECT LOADING 


In the endeavor to determine the locus of stable 
operation, such as E S F in Fig. 6, by direct loading and 
actual observation of pole slipping, we took a 5-kv-a., 
1800-rev. per min. 220-volts, three-phase Northwestern 
machine and connected it according to the diagram in 
Fig. 7. In this figure (1) is the alternator to be tested, 
driven through a belt by the d-c. shunt motor (2). 
The alternator delivered its power to synchronous 
motor (3), and this, in turn, to the alternator (4) and 


2/8 


the a-c. line. By controlling the rheostat (5). in the 
field of the d-c. shunt motor the amount of power 
circulated could be controlled. The amount of leading 
current taken from the alternator cóuld be controlled 
by the field rheostat (6) of the synchronous motor. 
The field of the alternator (1) was controlled by revers- 
ing switch (7) and rheostat (8). For convenience each 
run was taken at a constant field current of the 
alternator tested. 


7—CowNNECTIONS FOR DETERMINING Point or POLE 
SLIPPING IN AN ALTERNATOR 


Fia. 


For each point of data, the field rheostat of the d-c. 
motor was weakened until the generator slipped poles. 
This pole slipping was easily identified by the current 
and voltage surge which took place. Some practise 
was required, however, to secure readings at the point 
just before the pole slipping took place. It was ob- 
served that with reversed field current on the generator, 
only a small load could be carried without pole slipping 


+1.0 
FIELD CURRENT 


8—STABILITY Limits OF VOLTAGE AND POWER IN AN 
ALTERNATOR FOR VARIOUS CURRENT LOADS 


Fic. 


taking place. Under these conditions, the generator 
slipped only one pole and regained synchronism. "When 
the fields were excited in the normal manner, a consider- 
ably greater load could be carried without pole slipping; 
but when the critical load was exceeded, the generator 
fell out of step completely. and continued to slip 
poles. "us 
Readings of generator voltage and watts were taken 
for the slipping point and plotted against the armature 
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eurrents, for six runs, during which the alternator field 
eurrents were respectively 2, 1.5, 1.0, 0.5, 0, and— 0.5 
amperes. Cross curves were taken from these for 
armature currents of 2, 1.5, 1, 0.75, and 0.50 times 
rated current. The cross curves thus obtained are 
shown in Fig. 8. 

The curves shown agree in form fairly well with the 
eurve E SF in Fig. 6. The voltage of the generator is 
too high at conditions of large leading current. The 
chief conclusions to be drawn from these curves are 
as follows: (1) The criterion of stability assumed,— 
namely, a vertical volt field-current characteristic,— 
is borne out. (2) Generator operation is unstable 
below a voltage which varies in proportion to the current 
load on the machine. (3) To operate at normal volt- 
age in a stable manner, the leading current load must 
be kept down to a certain fraction of the rating con- 
nected to the line. It is to be hoped that improved 
generator design will increase that fraction. 
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Fig. 9—FurL Loap Saturation Curves COMPUTED BY 
BLoNpEL. Two Reaction Diagram, Loci or CONSTANT 
Power Factor AND POLE SLIP ANGLE. 


PREDETERMINATION OF GENERATOR CHARACTERISTICS 
WITH LEADING CURRENT 


In the A. I. E. E. JOURNAL for February 1927, 
(p. 109), one of the authors proposed a method for 
computing the performance of synchronous machines. 
It was thought that it would be interesting to computea 
series of curves such as shown in Fig. 6 by the method 
there outlined. It was felt that in view of the unusual 
and novel shape of the curves in Fig. 6, an agreement 
would give a satisfactory confirmation of the theory. 
The constants of the machine tested in this paper for 
two-phase connection are reported in the article cited. 
For the three-phase connection the following were 
assumed: 

Direct armature reaction 7 amperes field current 
equivalent to 40 amperes in the armature. Transverse 
armature reaction, 3.5 amperes in the field equivalent 
to 40 amperes in the armature. Direct reactance 1/8 
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ohm per phase of Y, transverse reactance zero, and 
resistance 1/6 ohm per phase of Y. Saturation curve 
is as shown in Fig. 3. 


With the constants in the above paragraph, the 
characteristics shown in Fig. 9 were computed. These 
should be eompared with Fig. 6. We consider the 
agreement is very good, and believe that further 
theoretical studies of synchronous machines should 
be based on some form of the Blondel two-reaction 
theory. 


The extent of the “nose” of the curves and. the lower 
intercept of the nose on the Y-axis seems to depend 
chiefly upon the constant of transverse reaction. 


CONCLUSIONS 


In this report various remarks have been made to 
point out results of significance. The most general 
conclusion to be drawn is this: By a reduction of the 
value of the transverse reaction with improved design, 
there is a hope for machines of greater stability and 
consequent improved behavior under conditions of 
low leading power factor. 

The problem of stability is likely to become more 
acute as the voltages, lengths of transmission line, 
and the number of system interconnections increase, 
so that it is hoped that the manufacturers will be able 
to improve the stability of their machines. 


Discussion 


B. A. Behrend: This paper is timely and opens up a number 
of points which I wish to enumerate. First, it calls attention 
to the method of the A. I. E. E. for the determination of regula- 
tion and states that the method -recommended for zero leading 
power factor is in error. As I have been instrumental in intro- 
ducing the zero-power-factor method for the determination 
of the regulation of alternators,! I here state that the correct 
method, or at least the method which I recommended, consists 
in shifting the entire saturation eurve along the line A P, 
either below the saturation eurve for lagging eurrents, or above 
for leading currents. This is the Potier-Behrend method 
which has been used by us continuously for twenty-eight years. 
Refinements of this method have been made from time to time 
but the fundamental simplicity and accuracy have been main- 
tained. It is regrettable that the Standards Committee appears 
to have departed from this method as would bo indieated by the 
statement made by the authors. 

So far as I know the eurves produeed by the authors are novel. 
My second point deals with their attempt to join the leading- 
current zero-power-factor regulation curve to the point F in their 
Fig. 1. In checking the curves of their Fig. 3, by the Potier- 
Behrend method I find a good degree of agreement with their 
curves. With a leading-power-factor load of a given amount 
the authors found that the generator would stand a small 
amount of negative excitation after which “the generator forged 
ahead one pole or the motor slipped a pole." Now, it would 


1. The Factors which Determine the Design of Monophase and Poly- 
phase Generators," by B. A. Behrend, Electrical World & Engineer, Jan. 
20, 27, Feb. 3, 1900. 

The Experimental Basis for the Theory of the Regulation of Alternators, 
by B. A. Behrend, Transactions A. L. E. E., Vol. XXL, 1903, p. 497. 

2. “Sur la Réaction d'Induit des Alternateurs,” by Alexandre Potier, 
L’ Eclairage Electrique, July 28, 1900. This paper is based on B. A. 
Behrend's data and its Fig. 2 shows the regulation curves for zcro lagging 
and leading currents. 
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have been interesting if they had attempted to prevent this 
action so as to prevent the leading zero-power-factor curves 
becoming discontinuous. Negative rotor excitation ean be com- 
pensated by leading stator excitation so long as the two fields 
remain instep. Theoretically within limits it makes no difference 
on which member the excitation is applied. 

Twenty-five years ago we used to design ditenaton with 
good regulation so that it was not exceptional to have a generator 
with a short-circuit current six times the normal current and 
with a very ''stiff" field. On such generators it is possible to run 
a negative excitation without the slipping of the rotor. Such 
curves have been run on fly-wheel type generators with great 
inertia and they have confirmed the Potier-Behrend method of 
regulation. Such tests should now be repeated on modern 
alternators with large armature reaction by resorting to special 
methods to keep the generator from falling out of step. There 
are several ways in which this can be done. 

Thirdly, 1 should like to comment on the suggestion of the 
authors advising that improvements in alternator design should 
be made to secure greater stability on long lines of great capaci- 
tance. It is very essential that this be done but it would be 
regrettable if history had to repeat itself and if large generators 
would have to be built again with strong fields instead of strong 
armatures. The remedy might be worse than the disease. 

The problem of stability is by no means a new one and much 
could be learned in the present predicaments from past experi- 
ence. Perhaps one of the most difficult problems was the design 
of the generating plant for the United States Steel Corporation 


of its Indiana Steel Company’s plant at Gary, Indiana, where 
fifteen 3000-kv-a., generators are operated in parallel by gas 
engines. In such cases it is necessary to take into account the 
stability of the generators so far as overload is concerned; and 
the stability in regard to oscillations which are dependent on the 
electric characteristics of the generators and on the total inertia 
of the unit. The generator and gas engine have a natural 
period of oscillation which can be ealeulated and this period 
must not coincide with any ''foreed" period which may happen 
to be in the system. I had charge of the design of this plant 
and it is gratifying to state that the calculated frequencies agreed 
so well with the actual frequencies that, in spite of light flywheels 
and virtually no damping in the pole pieces which were solid 
without copper dampers, the plant operated perfectly from the 
start. Now, the overload margin of modern generators is much 
curtailed on account of the weak fields and their natural period 
of oscillation is greatly increased for the same reason so that 
conditions of resonance are likely to disrupt the system. Block- 
ing of governors has had to be resorted to in some of the largest 
plants to avoid such resonance. If a generator, slightly dis- 
placed from its position of equilibrium, performs an oscillation 
the period of which is nearly equal to the surge frequency of the 
line, no stable operation can be expected. Either a weaker or- 
a stronger field, or a greater or smaller moment of inertia, would 
or might improve such a condition. It was my practise to 
test the generators for their natural frequency where the unit was 
used in connection with gas engines or steam engines and where 
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there was a pronounced forced frequency going to be in the 
system. A similar course should be followed in connection with 
units which have to operate on long lines so as to predetermine 
as nearly as possible all natural and forced frequencies which 
are to be found in the system. In this direction much can be 
done to improve the operating stability. 

While refinements in the determination of the methods of 
regulation are desirable, at least for the designer, there is little 
hope that such refinements may lead to the curing of the intrinsic 
problems of instability which are characteristic of all dynamic 
systems in which energy is alternately released and stored and 
which have several degrees of freedom. 

J. Strasser: We do not agree with the authors that there 
should be any difficulty from a theoretical nature when plotting 
saturation curves at leading power factor. We treated the 
problem of stability of turbine generators in an article in the 
Electric Journal, August 1926 issue, and used the Potier triangle 
when plotting the saturation curves and did not have any 
difficulties. These curves (shown herewith) were obtained 
by pure theoretical considerations and under the assumption of 
constant magnetic resistance in any radial direction which can 
be done in the case of a turbo-generator. The curves obtained 


by test by Messrs. Douglas and Kane confirm the correctness of 
our theoretical curves and also our conclusions drawn. We 
found that of the 0 per cent power-factor leading-current satura- 
tion curve the part C F corresponds to a slip of one pole and 
that the slip must occur in the point C. This means that 
for non-salient-pole machines the nose of the 0 power-factor 
saturation curve shrinks together to a point. For salient-pole 
machines the slip occurs gradually from 0 deg. at the point C to 
180 deg. along the nose and even crosses the 0 field-current line. 
The authors stated that the nose depends largely on the con- 
stant of the tranverse reaction which is in agreement with our 
conclusions. | 

We are, however, not of the same opinion as to which is the 
limit of the stability. This paper seems to base it on regulation 
and uses the point of change in eurvature of the saturation 
curve at constant power factor and armature amperes as a 
criterion. This point of minimum field current and constant 
power factor appears certainly in my curve at leading current 
only, but what are the limits for lagging current? 

Sometimes a high short-circuit ratio of 1.1 or higher is called 
for and actually we do not need it. We now have generators 
in operation with a short-circuit ratio as low as 0.75 and we have 
never experienced any trouble. The power stability depends 
on the combined characteristics of net work and generator. 
The only constant is the field current whereas everything else 
changes. When the system characteristic is known, it has to be 
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superimposed on the generator characteristic at a given excita- 
tion and the combined characteristic determined as has been 
shown in the article in the Electric Journal. This will hold for 
leading as well as for lagging power factors. 

M. W. Smith: The portion of the Curve A B C D below 
the point C, referred to in Fig. 1 of the paper, is of academic 
interest only, because it is in the range of instability. It is 
usually not considered safe practise to operate even salient-pole 
machines with reversed excitation. However, from a theoretical 
standpoint, it seems logical that this curve should continue to 
the point D if an external power factor of 0 per cent leading could 
be maintained. This requires an infinite capacity with O re- 
sistance as the point Dis approached. The fact that tests have 
shown a tendency for the curve to approach the point F below 
the point C, simply indicates that 0 per cent power factor is not 
being maintained. The internal power factor of course, will not 
be of 0 per cent leading, but will be O per cent lagging when zero 
voltage is reached. The leading-power-factor curve, of course, 
must reach the point F at zero voltage, because the internal 
power factor of the machine will be O per cent lagging, but 
whether the leading curve goes to the point F throuzh the 
point D, or some other intermediate point, depends on the power 
factor of the leading current at the low voltage. 

The authors refer to a hope of improved design that will give 
greater stability under leading-power-factor operation. This 
condition is hardly one of improved design, but one of special 
design. Present tendencies in design are towards low cost 
and high efficiency, which usually result in low gap inductions 
and high armature reactions. This tendency, of course, is 
contrary to inherent stability, except as corrected by increased 
air-gap length. Where leading-power-factor operation is not 
required, high efficiency and low cost are the important factors. 
On the other hand, where stability is the paramount considera- 
tion, machines of special designs are required. This, however, 
is a matter of design proportions to meet a special condition, 
and should not be considered as a general improvement in design, 
because other factors are usually more important than stable 
operation at leading power factors. Except in the case of very 
large high-speed machines, no difficulties have been experienced 
in the past in producing machines for any desired degree of 
stability under leading-power-factor operation. 

J. F. H. Douglas: Mr. Behrend's diagram showing the rever- 
sal of the Potier triangle is very interesting. Mr. Behrend makes 
the statement, that while the parts showing reversed excitation, 
are not important, yet they can be predicted by the Potier 
triangle. I don’t know whether Mr. Behrend considered the 
resistance drop in using this, but the diagrams I have seen 
worked out give this sort of relationship using the Potier method 
and do not lead to even slight reverse-field excitations, but look 
like Mr. Strasser’s diagram. 

The Potier method is inadequate to show that sort of thing, 
but is an improvement over the A. I. E. E. rule. 

I heartily agree with Mr. Behrend and Mr. Newbury as to the 
question of the effect of relative pole and armature strength. 

It was very interesting to note in Mr. Newbury’s remarks 
that approximately double stability was obtained at only a 10 
per cent increasein cost. Itis to be hoped that by other methods 
to be developed, the same ean be done for less cost. 

An intimation was made during the discussion that the 
Potier triangle is able, so far as regulation is concerned, to 
duplicate results with quite considerable accuracy. It does not 
appear, however, that it checks phase displacement with the 
same accuracy that it checks the voltage-field-current relation- 
ship. Inasmuch as the Institute has defined the ratio of torque 
to phase displacement as a fundamental constant it would be of 
interest to know whether the Potier method does so check this 
ratio of torque to phase displacement. So far as the particular 
machine reported on is concerned, neither the A. I. E. E. method 
nor the Potier method checks the phase angle as closely as the 
Blondel method. 
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Recent Developments in the Process of 


Manufacturing Lead Covered Telephone Cable 
BY C. D. HART: 


Member, A. I. E. E. 


HE manufacture of telephone cable consists es- 
sentially of insulating copper wire with paper, 
twisting two insulated wires together to form a 

pair, again twisting to form a quad if quadded cable is 


to be made, stranding these pairs or quads into a com- ` 


pact core, removing moisture, covering the core with 
a continuous sheath of lead or lead alloy, testing the 
completed cable, and packing it for shipment. 

In order to bring out clearly some of the recent 
developments in manufacturing processes it is necessary 
to review the beginning of the art. . 

The idea of using cables for telephonic communication 
goes back to about 1878. Ina talk given in London by 
Dr. Alexander Graham Bell he stated: “It is conceivable 
that cables of telephone wires could be laid under- 


STEPS IN THE MANUFACTURE OF LEAD-COVERED 
TELEPHONE CABLE 


ground, or suspended overhead, communicating by 
branch wires with private dwellings, country houses, 
shops, manufactories, ete., uniting them all through 
the main cable with a central office where the wires 


. could be.connected as desired, establishing direct 


communication between any two places in the city." 

About two years later or in 1880 the idea became a 
fact and wires enclosed in sheath were used across the 
Brooklyn Bridge. 

The insulation used on these early cables was gutta- 
percha or rubber but these materials were not very 
satisfactory for land telephone cables. A little later sisal 
and cotton were used and the cable core was im- 
pregnated to prevent the entrance of moisture and then 
drawn into successive lengths of lead pipe previously 


1. Western Electric Co., Kearny, N. J. 
Presented at the Regional Meeting of District No. 5 of the 
A. I. E. E., Chicago, Ill., Nov. 28-80, 1927. 


extruded and laid out in straight pieces, the different 
lengths being then joined together by means of 
plumber's joints. Impregnation was resorted to be- 
cause it was difficult to obtain a lead sheath which was 
entirely free from defects. 

By about 1890 paper ribbon had been introduced às a 
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Fic. 1—Oxp INSULATING DEPARTMENT ABOUT 1892 


substitute for cotton and similar insulations effecting, of 
course, a great saving in space and therefore in sheath- 
ing material and cost. 

Fig. 1 shows a group of insulating machines used 


Ed 


Fig. 2—Or» Twisting DEPARTMENT ABOUT 1890 


about 1892. With these machines paper ribbon was 
wound from a spool mounted eccentrically with the 
wire and the insulating speed was necessarily very slow. 
Fig. 2 shows the twisting machines used at that time 
for twisting pairs. 'These machines were crude and 
operated at a low speed. | 
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Fig. 3 is of an old stranding machine consisting of one 
drum only as the cable cores were built up one layer at a 
time and the core was run through the stranding 
machine as many times as there were layers in the 
finished core. 


The old process of pulling cable core into lead pipe is 
illustrated in Fig. 4. This picture was posed a few 


Fic. 3—Orp STRANDING DEPARTMENT AnBouT 1890 
years ago, and the man standing in the foreground was 
one of a gang who formerly did this work. 


A forward step in design of insulating equipment was 
made with the use of pads concentric with the wire 
which permitted very much higher insulating speeds 
and very much reduced paper breakage. The twisting 


Fic. 


4—PvrLiNG Core Into Leap Pipe, METHOD Usep PRIOR 
TO 1894 


machines were also modified to reduce uneven Gusuine 
and permit greater speed. 


Another step was the development of multiple drum 
stranders permitting a number of layers or complete 
small cables to be made in one operation. Also, extru- 
sion presses were improved so that a continuous sheath 
of lead alloy could be extruded directly on to the cable 
core eliminating the pulling in operation. 


During the period from about 1900 to about 1920 
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many changes were made to increase output and im- 
prove the quality, also to permit of the use of thinner 
and narrower insulating papers so that a greater number 
of pairs of wires could be placed within the same cross- 
sectional area tending greatly to decrease the cost per 
circuit. 

Cables made about 1888 contained 50 pairs of 18 
gage conductor. By about 1902 improvements had 
been made which permitted 606 pairs of 22 gage wire 
to be put into a sheath of 224 in. inside diameter which is 
the maximum size of sheath which has been found 
generally economical in telephone plants in this country. 


By 1912 further improvements in equipment made it 
possible to use insulating paper of even smaller dimen- 
sions and to get 909 pairs of wire into the same diameter 
of sheath. 


~ On account of increased congestion in the densely 
populated sections of the larger cities, there was a con- 
tinued demand for more pairs of wire per cable, and in 
1914 the first 1212 pair 24 A. W. gage cables were 
produced. This 24 gage wire was insulated with paper 
5/16 in. wide and 214 mils thick. The mutual capaci- 
tance between the two wires of a pair in this cable 
averages about .079 microfarads per mi. which allows a 
normal margin below the guaranteed value shown in 
Table I. The insulation withstands a potential test of 
500 volts (maximum instantaneous value). The in- 
creasing number of pairs per cable and the correspond- 
ing decreasing cost per mi. of circuit resulting from the 
changes described is shown in Figs. 5 and 6. 


With the growth of large office buildings and further 
increases in the demand for telephones in the great 
cities, even 1212 pairs of wire per cable were in some 
cases found to be inadequate, and in answer to the de- 
mand a cable has been developed containing 1818 pairs 
of 26 A. W. G. wires within a sheath having an inside 
diameter of 23 in. 

These wires are insulated with paper 7/32 in. wide and 
134 mils thick by the use of specially designed insulating 
heads and, instead of being stranded in reverse layers 
as is the case with older types of cables, they are first 
stranded in groups of 101 pairs, 18 of these groups being 
then cabled together to form a compact core. 


This method of cabling called the “unit” type to 
distinguish it from the layer type, has several ad- 
vantages, particularly in splicing in the field. Develop- 
ment work on this 1818 pair cable is not yet complete 
but there is no reason to doubt that, if there is a demand 
for a 2400 pair cable, the demand will be met. 


For convenient reference Table I has been shown 
giving the specified limiting characteristics of some of 
the standard types of non-quadded cables. From the 
table it will be seen that the larger gage cables are 
used mostly for trunk work and the smaller gages for 
connections to subscribers. While the electrical charae- 
teristics of these non-quadded cables are of prime im- 
portance, they do not demand quite the extreme re- 
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PRINCIPAL STAGES IN THE DEVELOPMENT ON PAPER INSULATED CABLE. 


1895 . 1895 1896 


1902 1914 


S 303 Pairs 606 Pairs 909 Pairs 1212 Pairs 455 Pairs 
No.22 A.W.Ga. No.19 A.W. Ga. No.22 A.W.Ga. No 22 AW. Ga. No.24 A.W. Ga. No.19 A.W. Ga. 


Fia. 5 


LLLLILILLIDPLLLLILIIILIDIILTTITDTITITTÍIIITDLDIITIITLI 
sicolNGl8 GAU ----L-E-HTCHHTHHEEECEHEHCECEEEHHIHGI 
-IO COST OF A MILE OF CIRCUIT IN FULL-SI a GE ET 
T TIN FULL-SIZE CABLE HHHH 


$ 80 io SEE —] ] basis throughout the period of years shown. 


ES RENE 
EERENS HHHH IHIH 
| [122 Pair ¢ pt tt tt AALS 


BH = 
Gl aT | |NO84 GAUGE[ | | | | | 
EEE CEE EEE EEE EEE EEE ELL EEE 


Osa %90 792 °94 °96 '98 1900 '02 '04 '06 708 10 12 14 MS "i8 "20 '22 '04 26 
YEAR 
Fic. 6 


122 Pairs 152 Pairs 180 Pairs 208 Pairs 


283 


284 


finement in manufacturing processes required for 

quadded cables. 
The discussion so far has been confined mainly to 

cable intended for local service, that is, cable providing 


TABLE I 
Average 
a-c. 
capacitance 
Standard guarantee Principle 
A.W.G sizes—pairs įm. f. per mile uses 
di a e iis uds ) Toll entrance and long trunks. 
19 6 *' 455 090 Trunks and long subscriber 
lines. 

22 11 “ 909 089 Subscriber lines 
24 11 “ 1212 .085 Short subscriber lines. | 


conductors to connect subscribers directly with the 
central office and different offices with one another. 
Gradually, the network of long lines connecting different 
exchange areas or cities grew and while the early lines 
were mostly open-wire lines, it was necessary to provide 
cable in and near the larger cities to bring these lines 
into the central offices. Most of the long lines were 
operated on the phantom principle where four wires are 
combined to provide two ordinary pair circuits and a 
third or phantom circuit which uses the four wires 
simultaneously. It was, therefore, necessary to provide 
cable for these toll entrances which could also be op- 
erated on the same phantom principle. More recently 


many long toll lines have been placed for their entire - 


length in cables of this type. 


One of the greatest difficulties in providing this type 
of cable was that of building it with sufficiently good 
electrical balance to avoid serious interference or 
“cross-talk” between the various circuits in the same 
four-wire group or “quad,” such cross-talk being 
especially liable to occur because practically all of these 
lines are loaded. For a given degree of imperfection in 
capacitance balance, cross-talk is much more serious if 
the line is loaded than otherwise. A very considerable 
amount of work was necessary to determine the prin- 
ciples of design and manufacture which have the most 
influence in bringing about the best balance reasonably 
attainable. | 


The specified limiting degree of unbalance of the 
capacitance in quadded cable is indicated in Table 
II, and Fig. 7 is a diagram showing the capacitances 
involved and a brief explanation of them. 


TABLE II 
Capacitance Capacitance unbalance 
in m. f. per mlle in m. m. f. per 500 ft. length 
Phanton Phanton 
Pair Quad Side to side to side to phantom 
AV. Av. AV. Max Av. Max. AV Max 
.068 .112 30 100 120 200 60 600 
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Diagram Showing the Capacities Involved in 
Capacity Unbalances between Circuits. 
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*Class I Unbalances— Phantom to Side 


1, 2, 3, and 4 represent the four wires of a quad, of which 1 and 2 form one 
pair and 3 and 4 form the other pair. 
Unbalance between Phantom and Side 1-2 
z2[Ci.s + C1.4 — (Co-3 + Co-4)] + Gi — Ge 
Unbalance between Phantom and Side 3-4 
= 2[Ci-3 + Co-3 — (C1.4 + Co-4)] + Gs — 64 


Class II Unbalances—Side to Side 


1, 2, 3, and 4 represent the same as in Class I Unbalances. 
Unbalance between Side 1-2 and Side 3-4 


= C1.4 + Co.5 — (Ci-3 + Co-4) 


Class III Unbalances—Between Circuits in Different Quad 


Unbalances between two phantoms, or between pairs not in same q 
or between a phantom and a pair not in same quad, in each case 
= Ci.4 + Ca.3 — (Ci-3 + C2-4) in which, for 


(a) Phantom to Phantom, 1 represents the two wires connec 
parallel of one pair of a quad, 2 represents the two wires in parall 
the other pair of the quad, and 3 and 4 represent similarly the 
of another quad. 


Pair to Pair, 1 and 2 represent the two wires of a pair and 3 an 
the two wires of another pair not in the same quad. 


(b) 


(c) Phantom to Pair, 1 and 2 represent a phantom as in (a) and 3 
a pair as in (b). 


The type of quad now most commonly used in 
cables in this country is known as the multiple 
type and consists when completed of two twisted p 
which are again twisted around each other. Differenfly 
colored wrappings of cotton around the several p 
hold the two wires of the pair together and afford m 
of identifying various types of quad and pair as u 
for example, in the segregation of the circuits operating 
in different directions in the so-called four-wire circuits. 


A type of quad construction different from that de- 
scribed above and commonly known as the "spiral four” 
type of quad has been used more extensively abroad 
than here. In this construction four wires are twisted 
together in such à way that at every position each 


*Capacitance Unbalances involve differences of Direct 
Capacitances. See G. A. Campbell, Bell System Technical 
Journal, July 1922. 
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wire oecupies approximately a corner of a square and 
the two diagonally opposite conductors are used to form 
a pair. | 

This construction has the merit of very low mutual 


capacitance of the pairs, but the disadvantage of very 


high mutual capacitance of the phantom. It has also 
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the lead covered cable is protected by being first served 
with two or three layers of jute roving impregnated with 
tar, then wound with galvanized steel armor wire, and 
again served with jute yarn, impregnated with an 
asphalt compound, although in many cases at present 
this outer serving of yarn is omitted. In case of injury 


been found more difficult with this construction to ob- 
'tain sufficiently good balance to give satisfactory loaded 
‘phantom circuits. This type of quad has, therefore, in 
Isome cases been used without utilizing the phantom 
‘circuits. The loss of these phantom circuitsis less-than 
it might seem at first-sight because, on account ofxthe 
‘inherently lower pair capacitance for a given space per 
‘pair, more wires can be placed in the same space for a 
given capacitance than with other types of construction. 

Another characteristic which under certain conditions 
is important is the alternating current conductance or 
leakance. The leakance which is measured in micromhos 
is that property which determines, under given condi- 
. tions of potential and frequency, the losses in the insula- 
tion. ` These losses become of greater importance when 
the cable is loaded than when non-loaded and also of 
relatively greater importance when the conductors are 
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Fic. 8—PaAPER INsuLATING HEAD 


| large because then the dielectric losses become relatively 


greater in comparison with the lower losses in the de- 
creased resistance of the conductor. For this reason 
many of the large gage loaded toll cables are treated 
with a special drying process to diminish the leakance. 

Either quadded or non-quadded cable may be used on 
occasion for crossing rivers, bays, etc., and in these cases 


Fic. 9—HeEAvY WIRE INSULATOR 


causing an opening in the sheath of such a cable, water 
may enter the interior and interrupt the service. It is 
also liable to penetrate for a considerable distance 
and thus ruin a substantial length of cable which it 
then becomes necessary to replace. To diminish the 
amount of cable damaged in this way, this type of cable 
is sometimes made with a very large amount of paper 
insulation crowded into a small space to make the cable 
within the lead pipe very dense. The swelling of this 
paper as it becomes wet tends to retard the penetration 
of water and to diminish the amount of cable damaged. 

This dense core construction has, however, the objec- 
tion that it tends to produce circuits of lower trans- 
mission efficiency on account of the higher capacitance 
and leakance obtained. For this reason cables for this 
purpose in many cases are made with less dense core 
construction similar to that used in land cables but with 
the core treated so as to provide water barriers at fre- 
quent intervals to prevent or greatly diminish the 
passage of water through the barrier, commonly known 
as a "plug," so that the damage resulting from an injury 
to the sheath is substantially confined to the portion 
between two consecutive plugs. 


One of the outstanding developments in eable manu- 
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facture which occurred about 1911 was the substitution 
of 1 per cent antimony in lead cable sheath for 3 per cent 
tin. The use of tin alloyed with lead for cable sheath 
had been instituted many years before, as it had been 
found that such sheath was more durable than sheath 
composed of lead alone and had better mechanical 
characteristics. 

Exhaustive tests showed that lead antimony alloy 
sheath is equal in quality to lead-tin alloy and, although 
‘its use required the development of improved methods 
of mixing and extrusion, it has resulted in large cost 
savings. 

Another decided improvement introduced later was 
the substitution of vacuum drying ovens for the old gas 
.or steam heated air ovens. It was found that the drying 
time using vacuum ovens was reduced to about one- 
third as compared with hot air ovens together with 
Improved quality and large cost savings. 

. Before the war the average demand for telephone 
eable in this country amounted to about 200,000,000 
conductor ft. per week. During and after the 
war this demand steadily increased until now it amounts 
to about 600,000,000 conductor ft. per week or 
about 30,000,000,000 ft. per year, requiring annually 


New Method 


Fic. 10—ScuHematics or OrLp AND New Tree TWISTERS 


40,000 tons.of copper wire, 75,000 tons of lead, and 6000 
tons of insulating paper. 

In planning for the manufacture of this quantity of 
cable, the design of all machinery was reviewed and 
changes made wherever possible to improve quality or 
increase output. 
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A great deal of work was done in improvement of in- 
sulating machines, and a ten-head vertical type in- 
sulator was developed to replace the older five-head 
horizontal type for non-quadded light gage wire. In 
designing the new machine many improvements were 
incorporated. The old machines had been built: to 


X - Fine Wire Twister 
Tor. CABLE 


Fic. 11—ComBinep TwisriNG AND QUADDING MACHINE 


handle relatively strong paper and heavy wires and 
studies indicated that to insulate finer wires successfully 
with lighter paper, also to run at high speeds without 
stretching the wire, and apply a uniform wrapping with- 
out backlapping or folding over of the paper and with 
low breakage per pad the insulators should be rigid, the 
tension on the wires should be uniform, and both 
supply and take-up mechanisms should operate 
smoothly. : E 

The relative floor space per head for the 10-head 
machine including operator's space is about 60 per cent 
of. that taken by the five-head machine but based .on 
production the relative space per unit of production 
is about 50 per cent. The new machine runs at a 
head speed of about 3000 rev. per min., carries a 12 in. 
pad of paper, and in general is a very substantial 
machine. 

The insulating head, the vital part of the insulating 
machine, has undergone many changes to accommodate 
the thinner, narrower insulating papers. One of the 
most important of these has been to improve the tension 
mechanism whieh now consists of a very small multiple 
disk clutch actuated by a system of levers so that a very 
light but very uniform tension is applied at all times. 


p 
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This is not only making possible the use of smaller 
paper ribbon but may permit of changes in the composi- 
tion of the paper with resultant cost E This head 
is shown in Fig. 8. 

Another desitablé feature in a paper insulating 


machine is a bare wire detector as the insulation some- . 


times parts after passing through the sizing die or 
polisher as it is called, separates for a few inches and 
then picks up and goes on. Many electrical devices 
have been tried and practically all have the objection 


of high maintenance cost. A very simple and effective 


remedy was the installation of a second polisher placed 
between the capstan and take-up spool which eatches 
broken paper and pushes it back until the operator sees 
and repairs it. 

t The insulating machine used for heavy gage wire is 
an 8-head machine built along the same general lines 


LIN 
so | 30^ l8 
LONG STROKE SHORT STROKE 
ue : : 
PER CHARGE 1100s. 700 Les. 220 iss 
MAX. AMOUNT | . | l 
OF LEAD 4543... 3650.ss. 1700 Las. 
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Fic. 12—Scuematic SHOWING RELATIVE INCREASE IN SIZE OF 
LEAD PRESSES 


as the 10-head machine. This is illustrated in Fig. 9. 

The method of splicing the copper wire is by means of 
a transformer, the low-voltage side of which is equipped 
with clamps for holding the two ends of wire which are 
butted together, heated by electric current, and brazed 
by the application of borax flux and silver alloy solder. 
The transformer windings are so designed with low in- 
ternal resistance that, although different sizes of wire 
may be handled, the resistance of the wire between the 
clamps is so large in proportion to the total resistance 
that it automatically controls the current and prevents 
overheating of the wire. 

Splices in the insulating paper are made by the appli- 
eation of a thin strip of gummed paper. 

New twisting machines for non-quadded light gage 
wire have been developed and these machines have some 
unique features which are worth a word of explanation. 
Fig. 10 shows schematically the old type of twister 
used ten years ago in which the two spools were placed 
with axes vertical inside of a flier which carried guide 


HART: MANUFACTURE OF LEAD COVERED CABLE 


287 


bushings through which the wire from the two spools 
was brought up to the center of the yoke and to the 
capstan. 


These machines operated at 500 rev. per min.. 


13—ELEOTRIC TRACTOR AND TRAILER FOR HANDLING 
CABLE REELS 


Fra. 


and produced one twist per revolution. Assuming a 
8 in. twist, the output would be about 125 ft. per min. 
In the new machines the spools are mounted side by side 
in a flier, the spools not revolving around each other, 
with axes horizontal and the wire from each is taken off 
in a downward direction around a guide pulley and then 
up through the flier, around another guide pulley and to 
the capstan. With this arrangement two twists per 
revolution of the flier are produced and, as the machine 
is built to operate at 1000 rev. per min., the output for 
double the speed of the old machine is four times as great 
or about 500 ft. per min. for a 3 in. twist. Additional 
features are special tension devices to insure uniform 
tension on the wire and supports to assist in loading 


. spools of wire into the yoke. 


The twister for pairing and quadding heavy gage 
wire in one operation is shown in Fig. 11. 


14— INsuLATING MACHINES 


Fra. 


Each spool, containing two conductors, is mounted in 
a yoke which revolves on its own axis to give the pair 
twist and the two yokes revolve around each other 
to give the quad twist. This is accomplished by an. 
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arrangement of change gears from which can be ob- 
tained practically any length or direction of twist 
desired. 

Modern stranders‘follow the same general line as the 


Fic. 15—Twisrine MACHINES 

older stranders but the whole design has been reviewed 
in detail with the view of strengthening and perfecting, 
and improved tension devices have been developed con- 
sisting of a tension arm actuated by the pair which in 
turn applies a brake to or removes it from the reel head. 
These are adjusted to give a tension of about three 
pounds per pair which causes no stretch and prevents 


over-running. With these, it is possible to run very fine | 


wires at a minimum tension with a maximum smooth- 
ness of operation. The drums are gear driven and are 
capable of running up to 100 rev. per min. 


After the cores are stranded, they are dried under 


16—STRANDING MACHINES 
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vacuum to remove the moisture from the paper and then 
covered with a lead alloy sheath. 

It is necessary after the cable is removed from the 
vacuum drier to keep it in an atmosphere of a low 
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moisture content until the lead sheath is applied. ‘This 
was formerly accomplished by placing it in an oven ata 
temperature of about 160 to 180 deg. fahr. with a 
resultant relative humidity of not over 10 per cent. 
Cables maintained at this humidity would pick up 
very little moisture but in transit from the vacuum 
drier to the storage oven some moisture might be 
absorbed; also working in and out of these hot ovens 
was not particularly pleasant. Therefore, a method 
was developed for installing the vacuum driers 1n such 
a way that one end opens into an enclosed storage 
in which the air is maintained at a tempera 
about 100 deg. fahr. and a relative humidity of 
than 10 per cent until the cables are covered wit Y 
This temperature and humidity are obtained by coi 
the incoming air to a dew point corresponding 


problem was involved in determining the heat giver off 
by the vacuum driers and the hot cables and the pa 
tional moisture introduced by infiltration through wa 

doors, ete.; also the relation between relative humidis 


17—Leap Press EQUIPMENT 


Fic. 


moisture content of paper, and electrical characteristies 
presented a most interesting field for study. 

The method outlined above has proved very satis- 
factory as the cables do not absorb enough moisture to 
affect their electrical properties and the conditions in 
the storage area are not unpleasant; in fact, duringjthe 
summer they are somewhat more agreeable than][the 
outside air during periods of high humidity. i 

The process of applying lead sheath to cable isfone 
which has not undergone any change in principle 
sheath was first applied directly to the cable instead of 
cable being pulled into it. There has been, however, a 


number of developments tending to improve the quality 


or increase the output. 

In covering a large cable something more than half 
of the total time of one cycle of operation is taken up by 
filling the cylinder with lead and cooling under pressure 
to the point where it can be extruded. The tendency, 
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therefore, has been to build presses with larger lead con- 
tainers in order to increase the time of extrusion relative 
to the total cycles. 

The diagram (Fig. 12) shows schematically an early 


Fic. 18—GENERAL VIEW or REEL YARDS 

type of press, one which was considered standard a few 
years ago, and one of the presses designed and built 
recently. Underneath each press is a figure showing the 
lead content per charge and the relative amount of lead 
extruded per hour by each of the three presses. 

As will have been noted from the diagram, the stroke 
of the newest type of presses is about one foot longer 
than that of the former presses although the diameter 
of the lead container and the diameter of the water ram 
are the same. 

The pressure for operating these presses is furnished 
by a hydraulic pump, pumping water at six thousand 


Fic.. 
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Ibs. pressure per sq. in. Presses were formerly con- 
nected to four plunger vertical type pumps, but it 
was found that more water could be used with the large 
sizes of cable and, therefore, new pumps were built with 
six plungers, giving a proportionally greater output. 
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The diameter of the lead ram is one-third that of the- 
water ram so the pressure on the lead during extrusion 


is about 54,000 Ibs. per sq. in. 


Aside from increasing output many studies have Beets 
made to determine the exact mechanism of lead extru- 
sion, the relative flow of lead in different parts of the 
extrusion block, the effect of applieation of heat at 
different points, etc. 

An interesting experiment consisted in filling an 
extrusion block, with layers of different colored waxes 
and noting their flow under pressure. This gave valuable 
data as to the proper contour of the extrusion chamber. 

The concentricity of sheath is affected not only by 
the contour of the extrusion chamber but also by the 
manner in which heat is applied; and thickness is 


Fie. 20—CnaANE Puacine REELS ON LoaApiNG PLATFORM 
affected by temperature and speed of extrusion so that 
the human element is an important factor, and it is 
necessary to have thoroughly trained and reliable 
operators on this kind of work. Temperature indicators | 
are used to show die block temperatures and the tem- 
perature of the molten lead is automatically controlled 
and recorded. 


Handling of lead-covered cable on reels, the total 
weight of which runs from one to five tons, is a very 
distinct problem. This handling from press to test is 
done by a crane which picks up the reels and carries 
them to the place where they are to be tested for insula- 
tion resistance, capacitance, dielectric strength, etc. 

After the cables are tested, the ends are sealed and 
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wooden lags are fastened around the periphery of the 
reels after which the cables are taken to a storage yard 
until the customer’s order is completed at which time 
they are shipped. A special tractor and trailer, Fig. 
18, has been developed and substituted for manual 
handling. 

Handling cables from the reel yard to the loading plat- 
form was a very serious problem particularly in the 
winter during snow storms. This was taken care of by 
the installation of overhead cranes for picking up reels 
and placing them on the platform. 


The lifting mechanism for empty reels consists of a 
solenoid operated plunger controlled by the crane 
operator. The reels are turned on the side, the plunger 
inserted in the bushing and the operation of the solenoid 
throws out two lugs which prevent the plunger from 
being withdrawn, and lift the reel. When the reel is to 
be released, it is put down on an inclined surface which 
turns it back on to its flanges. This method of lifting 
empty reels permits them to be stacked one on top of 
the other and saves storage space. 


The lifting mechanism for full reels consists of two 
side arms with lugs, moved horizontally by means of a 
double-threaded screw and a motor controlled by the 
crane operator. With this device the crane operator 
can pick up and put down any reel without the assis- 
tance of a ground man. 


Figs. 14 to 20 show insulating, twisting, and stranding 
machinery, lead presses, and cable reel yard with cranes 
and special lifting equipment for both empty and full 
reels. 


The methods of cable manufacture are ever changing. 
What has been described as strictly up to date today 
will, doubtless, on account of new developments be 
superseded by new methods, new equipment, and new 
designs so that the cable plant of the future will be 
different from and more efficient than that of the 
present. 


Discussion 


E. O. Neubauer: Mr. Hart, in his paper, has called atten- 
tion to the progress in the manufacture of non-quad cable. 
The large increase in the number of pairs placed in a single 
sheath was due in part to improved manufacturing methods, but 
was largely due to a gradual decrease in the size of conductors 
and the thickness of the in ulation used. This resulted in the 
manufacture of cables having considerably higher transmission 
equivalents than the early cables which were mostly large gage. 
The transmission equivalent of a 26-gage cable, for example, 
is about 114 transmission units higher than that of an 18-gage 
circuit. 

The non-quad cables are used mostly for exchange distribution, 
that is, to connect subscribers’ stations with the central office 
and to connect central office and office exchanges. The in- 
creased transmission losses were necessarily met by improve- 
ments in developments in other parts of the telephone plant. 
In the case of subscribers’ lines, the increased transmission 
losses were met by improvements in the transmitter, receiver, 
and induction coil of the telephone, so that today a 24-gage 
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circuit with the improved instruments will give as ¿ood trans- 


mission as an 18-gage circuit with the instruments formerly 
in use. 


One of the diagrams of Mr. Hart showed the gradual decrease 
in the cost per pair of cable between 1888 and the present time. 

One of the most important items in the cost of outside plant 
In Chicago the cost of conduit is about 
$4000 per duct including a proportional part of the associated 
manholes. This one item alone is considerable when it is 
remembered that in 1888, 36 ducts were necessary to serve the 
number of subscribers served today with one duct. 


The introduction of loading has made possible the use of 
small-gage cables to connect two offices in an exchange area 
A trunk connecting two offices, say 20 mi. apart, could employ 
22-gage conductors properly loaded whereas if the loading were 
not available it would be necessary to use 16-gage conductors 
which would reduce the number of pairs available from 900 to 
150. 


Quadded cables are manufactured in the so-called large 
gages, that is, the 13-, 16-, and 19-gage conductors and the 
insulation is somewhat heavier than in the smaller gages. The 
wires are also placed more loosely within the sheath. The 
result is that the transmission equivalents obtained with quadded 
conductors are somewhat better than with non-quadded con- 
ductors. The reason for this is that quadded cables are used 
for toll service mostly, which means that they have longer dis- 
tances to span than the non-quadded cables. This makes it 
necessary to obtain cables of a smaller transmission equivalent 
per mile than the non-quadded cables. Even with the use of 
larger gages it is also necessary to employ amplifiers where the 
length of circuit exceeds about 80 mi. 


H. P. Charlesworth: Possibly a few operating cons:dera- 
tions might be of interest. 


When we consider that today we are requiring for the tele- 
phone companies of the Bell system, more than 30,000,000,000 
conductor-ft. of telephone cable each year we see how important 
these various developments which have been discussed really 
are in the daily operation. The fact that we can now get 1200 
and 1800 pairs of wires in these cables is interesting because 
it is hard to realize how we could possibly serve our large com- 
munities without developments of this kind permitting us to 
get a large number of wires into a building. Again, without 
this large number of wires in a single sheath our streets in the 
downtown sections would be pretty well occupied with nothing 
but telephone conduit, and of course space must be provided 
for the electric, steam, gas, and all the other utilities as well. 
That further illustrates the importance of these developments. 


Another interesting matter might well be mentioned relative 
to the toll-eable problem. That program and the extension of 
toll cables has gone on throughout the country in the last few 
years on a very large scale. Today we have an all-cable route all 
the way from Boston through to St. Louis with various branches 
bringing in a very large number of cities on a cable basis. 


These cables require, as one of the speakers mentioned, 
amplifiers at about every 50 mi. for the longer lines and the 
circuits are operated for those long distances on what is called a 
four-wire basis. That is, the voice coming from New York 
to Chicago goes on one pair of 19-gage conductors and back 
on another pair with amplifiers in each of the circuits. That 
permits a more stable and more satisfactory operating circuit. 
Then at the terminals these pairs are brought together, of course, 
into the usual two-wire circuits to permit of connection through 
the switchboard to the ordinary subscriber’s line. The loss, 
to start with, is of course enormous and the amplification has to 
be perfectly enormous, something like 10*5 to make up for the 
enormous loss and to give a margin for satisfactory transmission. 

Under those circumstances a relatively very small change in 
the temperature conditions of cable, whether in the aerial or 
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underground portions, would have a very definite and very 
decided effect on the attenuation so that it is necessary to regu- 
late that, and this is accomplished by means of having a pilot 
wire, so-called, in the cable associated with certain automatic 
control apparatus so that as the wire changes in temperature 
you have automatic regulation of various amplifiers along the 
cable thus maintaining a stable and definite net over-all efficiency. 

The cable program is extending now up toward Minneapolis 
and before long will be down toward Atlanta in the South, 


Telephone Toll Plant 


BY BURKE SMITH: 


Associate, A. I. E. E. 


. Synopsis.—This paper described the telephone toll system in 
the region within a radius of about 60 mi. from Chicago. In this 
system have been established 21 toll centers at which are handled 


the toll traffic of their own exchanges and 95 other exchanges in the area.. 


OOK County and its seven adjacent counties in 
Illinois, and two in Indiana, together form the 
metropolitan area which is referred to in this paper 

as the "Chicago Region." Within this area there are 
about three and one-quarter million people in Chicago 
proper, with another one and one-quarter million dis- 
tributed in about one hundred communities in propor- 
tionately decreasing densities from the Chicago city 
limits to the outer boundaries about fifty miles distant. 
The growth of the population in this area is at the rate 
of approximately a million per decade. 


This area is served telephonically through local 
exchanges which are, for the most part, identical with 
the one hundred odd communities already referred to, 
and each receives service within its area under its local 
service tariffs. Between any one community and any 
other community, service is, in general, subject to an 
additional tariff or toll charge based on the center to 
center distance. 


The general advancement of this region has been 
material. 'This has been more than reflected in the 
accompanying increase in telephone business. Within 
this business the rapidity of increase has been even more 
marked in the toll than in the local phase. Since all 


indications point to a continuance in this same relative 


progress, it may be appreciated that the toll develop- 
ment will present a continuing problem if no other 
factor than magnitude alone need be considered. 
Along with magnitude, however, there are problems of 
re-alinements of distribution as communities of interest 
and methods of operation change and plant design 
advances. | 


1. Transmission Engineer, Illinois Bell Telephone Co., 
Chicago, Ill. 

2. Plant Extension Engineer, Illinois Bell Telephone Co., 
Chieago, Ill. 

Presented at the Regional Meeting of District No. 5 of the 
A. I. E. E., Chicago, IU., Nov. 28-2 ^, 1927. 
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up and down the Pacific Coast in certain sections, particularly 
between San Francisco and Los Angeles. A second route has 
already been provided from the East around through Buffalo 
meeting the other cable at Cleveland. | 

C. D. Hart: The only thought I should like to add is that 


the diseussion has tended to make apparent the need for great 


care in manufacturing cables, particularly quadded cables, 
and has broadened the picture to include not only the manu- 
facture of cable butits place in the general communications plan. 


in the Chicago Region 


G. B. WEST? 


Non-member 


and 


Descriptions are given of the toll plan and the toll plant, methods of 
handling toll calls, volume of traffic handled, etc. A most important 
consideration is the very rapid growth taking place in toll-service 
requirements in this region. 


It is obviously as impractical to provide each local 
exchange with direct or fixed connections to every other 
exchange as it is to so deal with the various subscribers’ 
stations within a local exchange. Switching or dis- 
tribution centers must, therefore, be arranged which 
result in greater toll plant efficiencies and toll line 
route concentrations. The actual result of this in the 
Chicago region has been the establishment of 21 toll 
centers, at which are handled the toll traffic of their 
own exchanges and the other 95 exchanges in the area. 
These 95 exchanges have therefore become, for toll 
purposes, satellites to these centers, or as it is generally 
expressed, “tributary exchanges." It is expected that 
these 21 centers may be still further reduced with im- 
provements in methods and plant design. 

Toll traffic between these toll centers, whether origi- . 
nating at the centers or at their tributaries, is handled | 
by one of three operating methods known respectively 
as: 
1. The Toll Board Method, in which the calling sub- 
seriber is connected with the recording operator, 
familiarly known as “Toll” or “Long Distance." At 
the present time the recorder takes the details of the. 
call and dismisses the subscriber until a line operator 
can complete the call. This method is now under- 
going a change. As soon as equipment rearrange- 
ments are available the work of the recording and line 
operators will be combined and marked service im- 
provement effected.  . 

2. Two-Number Toll Board Method, in which the 
* A" operator accepts the call and passes it to a “Toll 
Board" operator, who handles the call while the calling 
subscriber remains at his telephone. This method will 
tend to merge with the improved toll board method. 

3. A-B Toll Method, in which the “A” or subscriber’s 
operator, on receiving a call from the subscriber, 
supervises the call through to the called station, the 
calling subscriber staying at the telephone. 
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Under the last two methods, only calls made for a 
station by number can be completed, and the first 
method is used for all calls on which a particular person 
is asked for. The determination of the proper use of 
each of these three methods involves consideration of 
service requirements and economies. In general, the 
so-called A-B method is used for short-haul traffic of 
large volume, the two-number toll board method for 
short and intermediate distances of lesser volume, and 
the toll board method for long-haul traffic of small 
volume. These, of course, are only general groupings, 
and the method adopted in any individual case is based 
on the actual conditions to be met. 

There are also, of course, variations within these 
methods, such as, for example, the use of a tandem 
switching center in an A-B method. This variation as 
applied to Chicago, consists of a tandem board at which 
are centered toll trunks from Chicago exchanges as well 
as from outlying exchanges. Calls received by the 
* A" operator at a Chicago exchange, for one of these 
outlying exchanges, may be routed via the tandem 
switching operator, who in turn connects through to the 
ealled office, via the toll trunks available to her. In 
this way it is not necessary to have direct toll lines from 
every local board in the area to every other local board; 
yet, at the same time, it is possible to complete these 
calls by the A-B method. There is at present only one 
tandem board in the Chicago region, and this is located 
in the loop district. Of course, as the volume of traffic 
between any two exchanges, which is handled through 
the tandem board, increases sufficiently to make it 
economical, direct toll circuits between the two ex- 
changes are provided. 

Progress in the Chicago region has been steadily chang- 
ingfroma condition of practically all toll board operation 
with the hang-up method, to two-number and A-B 
toll methods without hang-up as the toll volumes have 
increased and station-to-station service has become 
more popular until today fully 87 per cent of the 
Chicago regional toll traffic is handled by the A-B 
method. The improved toll board method will iniri 
increase the percentage of business handled on a ‘ 
hang-up” basis. 

In this connection, it should be noted that concur- 
rently with this change from toll board to A-B opera- 
tion has come a marked change in speed of service. 
The average speed of service, that is, the average time 
from the request for a number by the calling subscriber 
to the ringing of the bell of the called subscriber, under 
the toll board method, averaged about seven min., 
while the speed of service under the two-number and 
A-B methods averages less than one min. Part of this 
reduction in time of connection is, of course, a direct 
result of the methods of operation, although part of it 
is also a result of the more liberal provision of facilities. 
However, such provision to permit of faster service has 
resulted in stimulating the use of the toll service, with a 
corresponding increase in the size of circuit groups and 
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in the efficiency and. speed with which these Bn a 
groups can handle the traffic. : 
Associated with this regional toll traffic, there is the 
traffic which goes out of the area to more distant poi ts, 
and that which comes into the area from distant points 
including traffic to and from such points which must be 
switched at a center, like Chicago. The economical 
provision of the plant to care for this extra regional 
traffic, with that for the short-haul traffic, further pdds 
to the complexity of the plant design. | 
The provision of the plant for this intra- and B ira- 
regional traffic to be economically carried out must be 
based on some general plan of future development 
within the area. Such a plan, generally known as the 
"toll fundamental plan," projects volumes of traffic, 
anticipates methods of handling, and arranges , toll 
centering, tributary, and route layouts for some ulti- 
Such 
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a plan must, of necessity, be reviewed and revised from 
time to time to keep pace with the developments and 
changes in toll service requirements, and is a guide to 


current toll plant construction rather than an abso ute 


control of it. 
Illustrations of some of the problems of growth : 
development of toll plant within the Chicago region 
follow: 
Referring first to the toll fundamental plan, Fig. 1 
shows the grouping of the exchanges in the Chic 
e 
x 


region around the toll centers. For example, 
small exchanges around Joliet under this plan re 
Chicago and other points via Joliet. This fi 
incidentally indicates the several toll routes radiating 
from Chicago, such as the route along the North Shore, 
that northwest from Chicago toward a - 
another directly west through Oak Park and Geng 


Nov. 1927 


and the one southwest toward Aurora with a branch 
toward Joliet and Morris; still another directly south 
to Chicago Heights, and one southeast to East Chicago 
which forms part of the main route to points East, 
including New York. | 

Considering now the growth in toll traffic in this 
region, there were ten years ago approximately 560,000 
telephones with approximately 11,600,000 toll mes- 
sages per year. In this same area, with something over 
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one-million telephones, we are now handling approxi- 
mately 46,000,000 toll messages per year, or an increase 
of 300 per cent, while the number of telephones has 
increased only 90 per cent, and the population approxi- 
mately 33 per cent. These relations are shown diagra- 


matically in Figs. 2 and 3. 


While a large part of this increase in toll traffic is 
within a 50-mi. radius of Chicago, yet the longer haul 
has increased greatly, as for example, between Chicago 
and St. Louis, 185 messages per day ten years ago, 
compared with 650 messages today; between Chicago 
and Detroit, 180 messages per day ten years ago com- 
pared with 1000 messages today. 

Toll cable has been the solution of the increasing 
toll circuit requirements, since there is a definite limit 


- to the number of circuits which can be provided by 


open wire. 

Notwithstanding the continued use of open wire on 
the less dense routes, the extension of cable has de- 
creased the toll open wire in the plant. This is shown 
in Fig. 5. It will be noted that cable wire mileage has 
increased from 36,000 in 1916 to 224,000 in 1926, an 
increase of 520 per cent in 10 years, while toll aerial 
wire mileage in this region has decreased somewhat 
during this period. 

The rapid extension of the toll cable plant is shown 
in Fig. 4 on which is indicated the cable in service 
five years ago, the cable now in service, and that 
rather definitely foreseen within the next five years. 
It should be noted that in several of the routes shown 
a second cable, and in some cases a third and fourth 
cable, has been placed. 

In designing such a cable network as this, there are a 
great many problems which must be solved before the 
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plant can actually be provided; e. g., starting out with 
an assumed grade of transmission, which it is neces- 
sary to provide from any station to any other station, 
the distribution of the losses must be economically 
apportioned. "Take the simplest case of toll connection, 
consisting of a calling subscriber’s loop, the called sub- 
scriber’s loop, and the connecting toll circuit. Prob- 
ably it would be possible to apportion 45 per cent of 
the loss to each subscriber’s loop, and design the trans- 
mission of the toll circuit so that only the remaining 
10 per cent would be in that portion of the connection. 
Or it would also probably be possible to assign 10 per 
cent of the loss to each subscriber’s loop, and take up 
the remaining 80 per cent in the toll circuit. There is, 
of course, an economical division of these losses, and 
these must be determined in designing the toll plant. 
Consider the design of the tandem trunk plant. 
These trunks may be classified into two groups, those 
connecting the tandem board with city offices, and those 
connecting the tandem board with suburban offices. 
If we should divide the total allowable line loss between 
these two groups equally, we would not obtain an 
economical balance, since the tandem trunk which is 
extended into suburban territory may be as much as 
fifty mi. in length, while the city tandem trunk will be 
very much shorter. There is, therefore, a very material 
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saving by dividing the.allowable losses unequally be- 
tween these two classes of tandem trunks. In Chicago 
a study of the costs involved showed that this division 
of losses should be made up as follows: 
Tandem trunks in the 

metropolitan zone (within 

the city limits principally) 
5.0 Transmission units? 


allowable loss. 
Tandem inks within the 
suburban zone.......... 10.4 Transmission units 
allowable loss. 


In the earlier days of the telephone business, all toll 
circuits of any appreciable length were provided by bare 


3. For description see paper by W. H. Martin, A. I. E. E. 
Trans., Vol. 43, 1924, p. 797. 
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wire strung on insulators, and it was not until a rela- 
tively few years ago that the development of the art 
permitted the use of cable circuits for this purpose. 
The earlier toll cables consisted simply of insulated wires, 
twisted in pairs. In this period transmission losses were 
so large that this type of cable could only be used for 
short distances, even though consistng of 18 and 10 
gage wire. 

The development of the loading coil, which has been 
described in other papers presented before the Institute, 
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permitted further use of cable, and made cable available 
for increased length of haul where the volumes of traffic 
demanded additional facilities. 

Since their introduction, the development of loading 


coils has advanced materially. The first coils intro- . 


duced into the toll plant, some 25 years ago, were of 
iron core construction. While these coils were satis- 
factory under the conditions for which they were de- 
veloped, when telephone repeaters became available 
it became desirable to provide improved types of load- 
ing coils. A loading coil having a pressed powdered 
iron core was, therefore, made available. The out- 
standing advantages of this coil was its higher magnetic 
stability and the smoother impedance conditions on 
the lines resulting from its use. 


This coil has proven satisfactory for repeatered 
circuits. It is now being superseded for new construc- 
tion, however, by a new type of coil having a pressed 
powdered permalloy core. This new core material 
permits a large reduction in the size of the coils without 
degrading established efficiency standards, and will 
result in large plant economies. Fig. 6 shows the 
relation of size of pots required to incase a given number 
of the new and old coils. This reduction in sze is of 
great advantage where such coils must be placed in 
underground systems in congested city streets, or 
where in the country it is desirable to place them on 
pole fixtures. 
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Another development in the cable art is that of 
quadded cable. In this type of cable two pairs of 
wires, each constituting a circuit, are twisted together 
to form what is known as a “‘quad,” and these quads 
may be used to provide a phantom circuit, thereby 
increasing the message capacity of the cable by 50 
per cent. While this plan of making available a 
phantom circuit had previously been used in the open 
wire plant, it was not until quadded cable was devel- 
oped that the phantom was available in cable circuits. 
The use of quadded cable for circuits using direct 
signaling, however, introduced another complication, 
in that the phantom cireuit requires the introduction 
of a repeating coil at each end of each of the physical 
circuits, which will, of course, not permit direct-current 
signaling. It therefore becomes necessary in these 
cases to “by-pass” direct-current signaling around the 
windings of the phantom repeating coil, in order to 
make use of the phantom possibility. 'l'he economies of 
this form of signaling must be studied in each individual 
case. 


Another important factor in the extension of cable 
for toll purposes is its immunity from storm damage. 
As is well known, open wire is subject to very serious 
breaks in the sleet storm area, while cable is practically 
immune from damage in such storms. It is estimated 
that to make an open wire line strong enough to givea 
strength of construction comparable to that obtained 
with aerial cable would require very large poles on very- 


short spacing or other special construction. Such a 
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line also would need at least No. 8 B. W.G. hard-drawn 
copper wires. It is not certain that even such a line 


. would stand up under severe storm conditions. Aerial 


cable construction on the other hand has been in use 
long enough to indieate that construction will almost 
never go down during the severest storms. In the 
extreme cases in which a break does occur the circuits 
in the cable probably will continue to give service. 
An example of how modern toll cable construction 
enables service to be given even if the poles are broken 
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and the cable is thrown to the ground was shown in the 
case of a cable pole line between Maywood and 
Elmhurst, suburbs of Chicago. This line which was 
blown down in May 1927, during a wind storm of great 
severity carried two toll cables and also a subscribers 
cable. Although over a mile of pole line was blown 
down, the only trouble which occurred was due to a 
crack in the sheath at a splice which resulted in nine 


` pairs being temporarily out of service out of a total of 


845 pairs in the two toll cables. 


Fig. 6—ComMPpaRATIVE SIZE or LoapING Corr CASES 


Each case containing 200 loading coils: 
Left—Permalloy Core Coils—Weight 725 pounds 


Right—Iron Core Coils —Weight 1750 pounds 


Cable plant must of necessity be added in rather . 


large units with fairly large margins over immediate 
requirements. If future requirements are overesti- 
mated, this will result in an appreciable amount of 


idle plant investment, orif underestimated, uneconomi- 


cal reenforcement or replacement becomes necessary. 
The provision of cable thus requires careful forecasts 
for long periods as to the probable traffic volumes and 
eircuit requirements. 

Even with the developments in cable and loading 
eoils, which are discussed previously, the distance. to 
which cable could be extended for toll purposes was 
limited, and it was necessary to use No. 13, and in 
some cases No. 10, gage conductors to meet transmission 
requirements. With the development of vacuum tube 


repeaters‘ and their availability for use with toll cable, 


the distances to which such cable could be economically 
extended was increased very greatly. Furthermore, as 
a result of the use of repeaters, it has been possible to 
reduce the gage of cable circuits, so that modern toll 
cables now seldom contain conductors larger than No. 


4. See paper on Telephone Repeaters, by B. Gherardi and F. B. 
Jewett, Trans. A. I. E. E., Vol. 38, 1919, p. 1287. Also by A. B. 
Clark on T'elephone Tranemo on Long Cable Circuiis, TRANS. 
A. I. E. E., Vol: 42, 1923, p. 86. 
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16 gage, and the greater proportion of conductors in 
such cables is generally No. 19 gage. 
The first installation of vacuum tube type repeaters 


in the Chicago region was in 1914 in connection with the 


transcontinental line. This was a small installation, 
and growth in repeaters in this territory continued at a 


fairly slow rate up to about 1924. This slow growth was . 


due to the fact that it had been necessary to install 
practically no long toll cables other than that extend- 


ing between Chicago and Milwaukee. Beginning with - 


the year 1924, toll cable was rapidly extended in vari- 
ous directions from Chicago for distances of over 100 
mi. The Chicago-New York cable, for example, was 


completed in 1925, and the Chicago-St. Louis cable, 


which lies almost entirely within the State of Illinois, 
was completed in 1926. 
. At the present time, there are approximately 7 50 


repeaters in use in the territory of the Illinois Bell 


Company, a very large proportion of which is in the 
Chicago region. Fig. 7 shows the location of repeaters 
in this Chicago region. 

Another problem which has come up in recent years, 
although not expected to be a recurring problem, 


is concerned with the quality of transmission. When 


toll circuits consist of only non-loaded open wire, the 
effect of the line on intelligibility is negligible, as .cir- 
cuits of this type are very nearly distortionless. 
The introduction of loading into the telephone 


Fig. 7—LocaTion or TELEPHONE REPEATER STATIONS AND . 


THEIR RELATION TO THE TOLL CABLE NETWORK IN THE CHICAGO 
SUBURBAN AREA 


plant, however, has brought with it a certain amount 
of restriction of the range of frequencies transmitted, 
varying in degree with different types of circuits. It 
is well known that loading has the property of cutting off 
or suppressing frequencies above a certain number of cy- 
cles, depending on thecharacter of theloading.5 Oneof the 
fundamental questions of loading has been to determine 


5. See paper on Development and Application of Loading for 
Telephone Circuits, by Thomas Shaw and William Fondiller, 


. Trans. A. I. E. E., Vol. 45, 1926, p. 268. 
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what range of frequenciesshould be transmitted to furnish 
a satisfactory grade of speech without undue distortion. 
Early studies indicated that a cutoff frequency of about 
2300 cycles would be satisfactory. These studies were 
based on measurements made by ear methods, however, 
and have been supplanted by more recent studies made 
by more scientific means. These studies show that 
it is economically practicable and desirable to set a 
limit of 2800 cycles as the minimum cut-off frequency in 
loaded cables, and accordingly all new toll plant is now 
designed on a basis of a cut-off frequency of 2800 cy- 
cles or better. 

In Chicago, at the time the decision was made to 
adopt a higher cut-off frequency, there were installed 
about 50,000 loading coils in the local trunk plant. 
Many of these were on trunks which are used on toll 
connections, such as direct A-B and tandem trunks 


and toll switching trunks. These trunks had a cut-off . 


frequency of 2300 cycles. A study of the Chicago 
city trunk plant showed that it was economically 
desirable to change the spacing of coils so as to raise 
the cut-off to 2800 cycles or better, and this work has 
now been practically completed so that all toll calls, 
with the exception of those involving a few circuits in 
some of the first toll cables installed, are now routed 
over trunks having the high cut-off features. Asa net 
result of this increase in the cut-off frequency, a lower 
volume equivalent can be used, which means that a 
given type of loaded circuit can be used for a some- 
what longer haul than if the cut-off were lower. 

With the increasing complexity of the toll plant in 
recent years, it has appeared desirable to make period- 
ical surveys of transmission conditions in a toll operating 
area to determine whether the existing plant is being 
used to best advantage from a transmission standpoint 
and to serve as a guide to the economical development 
of the toll plant during a period of say five years in the 
future. In considering the need for such a survey it 
should be noted that in the design of the toll plant, 
provision must be made for handling traffic which is 
switched to points beyond two given toll centers, as 
well as that which terminates at the two centers. This 
traffic for a given circuit group between two toll centers 
may amount to only a small percentage of the terminat- 
ing traffic and means must be provided for taking care 
of transmission on such business which will not react 
seriously on the cost of providing facilities suitable 
for terminating business. Adequate transmission on 
switched calls may often be provided economically by 
the installation of repeaters’ or by setting aside a 
certain proportion of circuits in a given circuit group for 
use in switched business and designing those circuits so 
they will be of a high enough grade to be used for either 
switched or terminating business. The economical 
location of repeater points and determination of the 
proper balance between circuits designed for terminat- 
ing business and those designed for switched business 


SMITH AND WEST: TELEPHONE TOLL PLANT 


Transactions A. I. E. E. 


can best be decided by a comprehensive study of trans- 
mission conditions for the entire area. 


In making a transmission survey, an analysis of toll 
traffic is prepared covering the whole area for a represen- 
tative month, showing both terminating and switched 
traffic and indicating the present transmission con- 
ditions as compared to the transmission objectives 
which have been established. By dividing the territory 
into natural subdivisions such that the traffic for 
different parts of the territory passes through a 
relatively small number of main switching points, it 
is often found that the analysis at a particular switching 
point will show that transmission improvement of a 
relatively small number of circuit groups will provide 
satisfactory transmission on all business switched 
through that particular point. It is also possible to 
pick out the particular centers where toll transmission 
under present conditions does not meet assumed ob- 
jectives. A transmission study of this kind supple- 
ments the toll fundamental plan and is of assistance in 
the proper routing of toll traffic so as to fit in with 
expected future toll projects. 


There are, of course, many other problems in the 
design of the toll plant relating not only to what might 
be termed transmission design but also methods of 
construction and problems of economics entering into 
the design of the plant. However, the greatest problem, 
as indicated in the earlier part of the paper, probably is 
that brought about by the extremely rapid growth 
taking place in the toll service requirements of the 
Chicago region. 


Discussion 


G. S. Dring: The importance of an equitable division of 
transmission losses in the trunk, substation, and toll-line facilities 
is stressed in this paper. Not only must the transmission of each 
unit be within the required limits, but the over-all transmission 
of the various units when connected together to form a toll 
circuit from subscriber to subscriber must be such as to provide 
a satisfactory talking channel from the subscriber’s point of view. 


This paper brings out the advantages from a service and 
maintenance standpoint of toll cable over open wire. It should 
be kept in mind, however, that while the use of toll cable does 
stabilize the service rendered over it, constant care must be 
exercised from the time it is installed and throughout its life to 
insure that the conductors are at all times in proper electrical 
and physical condition. Experience has taught that if we 
expect to make use of the phantom possibilities and avoid eross- 
talk from one pair to some other pair of phantom, we must make 
careful capacity-balance tests on the pairs of the various sections 
of cable before connecting them together, having in mind the 
desirability of keeping the unbalance between the various pairs 
and within quads to a minimum on the finished over-all cable. 
Further, the lead sheath must be kept air-tight or low insulation 
will result. Pressure tests by means of nitrogen or carbon- 
dioxide gas are made on sections of the cable before splicing is 
completed and thus any leaks or openings are located. After 
the cable is placed in service, insulation tests are made daily to 
insure that cracks or other openings have not occurred in the 
sheath. 
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Temperature also is a factor which must be compensated for, 
as an increase in temperature causes an increase in resistance of 
eopper conductors thereby increasing the transmission loss for a 
given section. The longer aerial toll cables are divided into 
regulator sections of approximately 170 mi. each. 


Transmission regulation made necessary on account of tem- 
perature changes is accomplished automatically by a wheat- 
stone-bridge arrangement having for one arm a pair in the cable. 
A change in temperature affects this pair as it does the other pairs 
in service and the change in the regulator-pair resistance controls 
relays which increase or decrease the gain of the telephone re- 
peaters associated with the working toll circuits at the regulator 
stations and thus compensate for increases and decreases respec- 
tively in temperature. 


Signaling over long toll circuits is a subject in itself. Mr. 
Smith points out that the phantom coil does not permit d-e. 
signaling. The superimposing of d-c. telegraph circuits on toll 
circuits also makes d-e. signaling impracticable. The use of 
135-cycle ringing current has been used on composited telephone 
circuits for a number of years and recently the use of 1000-cycle 
ringing current has been introduced over the longer-toll circuits. 
The 1000-cycle cycle ringing current has the advantage of being 
efficiently transmitted over telephone circuits as it is within 
the speech range. 


H. S. Osborne: The extremely high losses in very long toll 
cable circuits have been referred to. These long toll cable 
circuits are made of copper totalling about 0.1 in weight the 
open-wire circuits which they displace, and the amount of loss 
per unit length is larger in an even greater proportion. Taking 
the cable circuits themselves, the loss of energy per unit lengthis 
30 or 40 times as great as it isin large-gage, open-wire circuits. 
Whereas with ordinary terminal losses one could talk perhaps 
400 mi. effectively on the open-wire circuits, the corresponding 
limit for these small cable wires would be 10 or 12 mi. Now, 
by the loading, which is discussed by Mr. Smith, that is raised 
to perhaps 50 mi., and then by the use of amplifiers the limit is 
very greatly extended. 


The provision of proper energy efficiency is, however, only 
one of the electrical problems involved in establishing these 
circuits. Another one of great interest is the limitation of the 
distortion of speech. In order for the speech to remain clear it is 
necessary that the electrical efficiency of the circuit be very 
uniform over a relatively wide range of frequencies, about 200 to 
2500 cycles. Bearing in mind that the loss of energy in a circuit 
from New York to Chicago is 106, itis evident that the regulation 
of that loss to a very uniform figure over a wide range of fre- 
quencies presents a very formidable problem. It has been 
necessary not only to make the cable circuits themselves as 
nearly distortionless as possible, but to compensate for the re- 
maining distortion by compensating devices installed in eon- 
nection with the repeaters. 


These very long circuits have some extremely interesting 
transient current characteristics. The voice currents, as you 
know, consist of a series of discontinuous groups of high-frequency 
oscillations, and the impinging of these oscillations on the long 
cable circuits produces very important transient currents which 
it has been necessary to eliminate by attention to the method of 
design of the cable. These transient currents depend on the 
electrical constants of the cable itself. 


Then there is another kind of transient current arising from 
the fact that the speed of propagation of the impulses is not 
infinite and, in fact, on the loaded cable circuits of a type used 
very widely, the velocity is about 12,000 mi.asecond. At the 
distant end there is always a very considerable reflection of 
eurrent because of an irregularity in the impedance of the circuit 
so that if such a circuit were to be used between New York and 
Chicago, the reflected current would come back after traveling 
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2000 mi. with a time lag of about 1 /e sec., and on such a circuit 
one would hear the words coming back as a very distinct echo 
which is extremely annoying. 


It has been necessary to do two things to reduce those echoes 
on the very long circuits. One is to design circuits with a 
higher velocity of propagation. The velocity on the circuits 
actually used between New York and Chicago is about 25,000 
mi. a second. Another thing has been to make use of the 
voice currents themselves to suppress these so-called echo cur- 
rents. That is done by having the voice currents operate a relay 
to short circuit the return path, and the time lag in the echo is 
sufficient to permit that operation to take place and cut off 
the echo currents before they have time to return. 


Another very important series of problems, which constitutes 
a story in itself, is that of preventing interference between 
the circuits in the same sheath. In a toll cable there are on the 
average perhaps 250 independent circuits within a diameter of 
2.5 in. To prevent those circuits from producing interference 
with each other, particularly where we are dealing with very 


` great lengths and extreme ranges of energy input and output, 


has constituted an interesting and important series of problems, 


As a final word, I should like to ask you to bear in mind that 
these circuits must be so designed and constructed that it is 
practical to maintain them without excessive expense. It is not 
possible to assign a high-grade man to watch over each particular 
circuit, but it must be possible to maintain the stability and the 
characteristics of the circuit by requiring only the attentions of 
men who have a great many duties to perform so that repeater 
stitions, including several hundred repeaters, may be manned by 
only a relatively very small number of men. 


A. P. Allen: It might be interesting to put a little back- 
ground on this subject of the modern toll cable. When the line 
was first built between Chicago and New York in 1892, we 
eouldn't put any cable in the line. 


At that time we had no load coils, no repeaters, nothing but 
open wire. We had one thing, however, that made it possible 
to talk from Chicago to New York, and that was as nearly 
perfect maintenance as was ever found on a pole line. 


Another thing that also came through the lack of toll cable, 
along in the late nineties, was due to the faet that we didn't 
know how to get enough open wires between New York and 
Philadelphia because they didn’t have country roads enough 
for the requisite pole lines. So Mr. McCulloh, who is now 
president of the New York company, and I worked out a system 
of operating that gave us sixty paid minutes an hour-over each 
circuit during the busy hour by an exact reversal of the present 
day A-B toll method. In other words, we had to pass our orders 
by telegraph wires, and we didn’t allow even the toll operator to 
control, directly, a talking circuit between the two cities. They 
were all controlled by a switching operator at each end. The 
instant one circuit was taken down at one end it was put up on 
another connection. All the preliminaries were arranged on the 
order circuit before the customer was connected to the circuit, 


and lost circuit time was practically eliminated. 


E. W. Vanderfield: Toll-operating methods are designed 
to furnish the briefest possible lapse of time between the place- 
ment and completion of a message compatible with proper 
economic costs and the necessities of the subscriber. As a 
consequence they involve a balance between operating costs and 
the expense of toll-circuit provision and between the manner of 
call placement and the resulting service speed. 


For the shorter toll hauls of 50 mi. or less where the neighbor- 
hood conditions are conducive to relatively large traffic volumes, 
I believe it will normally be found that operating costs are the 
predominant factor and that these may be economically con- 
served through liberality in circuit provision. 
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Upon this basis if the subscriber is willing to transact his 
business with any one who may answer at the designated station 
rather than with a specified person and will furnish the station 
number, it is practicable and.economical to provide a method of 
no-delay toll operation which is practically identical with local 
operation throughout its service features. 

At ranges extending beyond 50 mi. this toll method has been 
considered inapplicable chiefly by reason of the supervision 
limits. At these longer hauls also the circuit costs become ascen- 
dant over the operating costs to a degree which makes it ex- 
pedient to engineer and: provide circuits upon a definite delay 
basis and to thus restrict the two-number operating field. 

The increasing informality of toll message placements as 
signalized by the rise of station-to-station volumes with their 
significant speed and no-hang-up features, and the generally 
increasing volumes of toll traffic have together contributed to 
bring about a marked change in present toll methods. As a 
consequence it is now planned to extend this station-to-station 
service where the necessities of the subscriber permit by extending 
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the duties of the recording toll operator to allow her to attempt 
an immediate completion of all toll calls. 

When the subscriber will place his call on a station-to-station 
basis by giving the station number and where there is an idle 
toll-line circuit available in less than two minutes, the subscriber 
will, I understand, secure his connection, regardless of distance, 
upon the same basis as is now encountered for the short-haul 
station-to-station service. This will represent the full possibili- 
ties of toll service as it is now seen. 

If the station number is not known, a particular person is 
desired, or an idle toll-line circuit is not at once available, the 
call must necessarily revert to a delay basis similar to that now 
controlling under present toll-board practise where directory 
service must be rendered and ticket-distributing time is involved. 

It can be reasonably expected that this method will enable 
between two and three minute service to be given upon a major- 
ity of the toll-board-offered calls with no reaction upon the 
present average speed for the remaining traffic and without 
directly resulting in increased circuit or operator provision. 


The Vacuum Tube Rectifier 


Oscillographic and Vacuum Tube Voltmeter Study of its 
Application to B- Voltage Supply for Radio Receivers 


BY JOHN H. KUHLMANN! 


Member, A. I. E. E. 


Synopsis.—This paper covers investigations made in under- 
taking the design of a rectifier for use as the B power supply for radio 
receivers. It determines the most satisfactory type of filter circuit 
and the appropriate values of inductance and capacitance to give 


HE object of this investigation was to determine 
a good method of design for a vacuum-tube 
rectifier for converting alternating current into 
direct current equivalent to that obtained from a 
battery. The d-c. output should be such that it can 
be used to properly operate a radio receiving set and 
Joudspeaker without introducing any interference or 
modulation from the a-c. source. The study of the 
the eliminator was prompted by the lack of engineering 
literature on the subject and by the desire of the 
writers to more fully understand the proper design, the 
characteristics, and the limitation of the device. 

The study is divided into several sections: 

1. The rectifier vacuum tubes. 

2. Oscillographic study of the action of inductance 
and capacity (alone and in combinations), upon the 
rectified wave form. 

3. Vacuum tube peak voltmeter study of the small 
ripple in the load current and its elimination by use of 
two section filters. 

4. Calculation of per cent voltage fluctuation. 

5. Conclusions. 

The eliminator to be investigated consists of three 
distinct units, 

1. The rectifier proper 

2. The filter 

3. The load resistance for dividing the load voltage. 
The units which make up the general circuits under 
study are shown in Fig. 1. In Fig. 2 is shown the 
completed eliminator and its parts as used in this study. 


SECTION 1. THE RECTIFIER VACUUM TUBES 
The vacuum tubes used for the rectifier were the 


1. Assistant Professor of Electrical Design. University of 
Minnesota. 

2. Minneapolis, Minnesota. 

3. See ‘‘Theoretical and Practical Aspects of Low Voltage 
Rectifier Design When Employing the Three-Electrode Vacuum 
Tube” by R. D. Duncan, Jr., Radio Review, Vol. III, 1922, pp. 
59-71 and pp. 114-124. “The Production of Constant High 
"Potential With Moderate Power Capacity" by A. W. Hull, 
G. E. Review, Vol. 19, 1916, pp. 173. "The Thermionic Vacuum 
Tube” by Van Der Bijl, Chapter VI, McGraw Hill, New York. 
“Alternating Current Rectification” by L. B. W. Jolley, Chapter 
X, John Wiley & Sons, New York. 
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a d-c. output delivered with the least practicable voltage drop and. 
having no fluctuations of sufficient magnitude to interfere with the 
proper operation of the set. A vacuum-tube peak voltmeter used to. 
detect very small fluctuations is described. 


obsolete power tubes, UV-202, being the only tubes 
available at the time. Three tubes were tested; their 
plate current-voltage and plate current-resistance 
curves are given in Figs. 3 and 4, respectively. 

From the plate voltage-current curves in Fig. 3 it 
is seen that the tubes T and T; saturate at a much lower 
current density than T, which was an unused tube. 
Tı and T; had both been used as oscillators; T' used 
longer than T,. "These curves show that if the rectifier 
is required to give a peak current of over 100 milli- 


S 
|. — — etter — -—— 
Fig. 1—Circuir DIAGRAM or EXPERIMENTAL VACUUM TUBB 
RECTIFIER 


Rectifier: 
Ey = 300 volts effective from center-tapped transformers 
Ey = 3.75 volts effective from center-tapped transformer 
Tı = T4 = U V 202 5-watt power tubes with grid connected to plate 
Filter: 
Ci, Cs, Cs are 500-volt condensers. Several values of capacity were 
used in the experiment 
L, and Lz are similar iron-cored inductances each having an inductance 
of about 30 henrys for the normal d-c. excitation. The cores are in 
two laminated sections, each L-shaped; butt joints are used giving 
small variable air-gaps. Each coii contains about 6200 turns with 
an average rosistance of 645 ohms * n 


Low-inductance, wire-wound variable resistance units of ample current . 


capacity. Resistors for final set are wound on flat strips of bakelite 
and are of fixed value. Several values of resistance were used in the 
experiments 


amperes, the rectified current wave will be flat topped. 

The plate current-resistance curves, (Fig. 4), were 
obtained to show the variation of plate resistance with 
the rectified current. These curves are desirable in 
order to match tubes and thus obtain equal amplitudes 
in both halves of the rectified wave. 

In the oscillograms, Fig. 2B, V; and V, show the 
current wave forms as per T, and T and V; gives the 
resulting current I, in the resistance load of 8000 ohms. 
The values of Vi, Vs, and V; were taken simultaneously. 
The circuit diagram is shown in Fig. 2A. 
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The wave forms V, and Vs, Fig. 2B, show the result- 
ing current in the load and the 60-cycle e. m. f. applied 
to the rectifier, respectively. The oscillograms show 
that the rectified current is in phase with the applied 
voltage. This is to be expected, as there is practically 
no reactance in the load circuit. 

The half wave rectifier gives a load current wave form 
as shown in Fig. 2B by V, or V2. 

The current wave forms, instead of the voltage, 


ows = SA, 
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Fic. 2a—Circuir DragRAM or REcTIFIER WirHOouT FILTER 
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Fic. 25—Osci.LOoGRAMS For RECTIFIER Circuit Fic. 2a 


Vi and V» are individual tube output currents. 
rent for full-wave rectifler. 


Vs and V4 are load cur- 
Vs is 60-cycle applied voltage 


were observed throughout this study because the 
current consumed by the voltage element of the oscillo- 
graph is a large portion of the total rectified current and 
therefore would disturb the circuit and current con- 
ditions to be studied. 


SECTION 2. OSCILLOGRAPHIC STUDY OF THE . 
ACTION OF INDUCTANCE AND CAPACITY ALONE AND 
IN COMBINATION UPON THE RECTIFIED WAVE FORM 


The Effect of Capacity on the Load Current Wave Form. 
The addition of capacity across the load resistance of 
a rectifier, as in Fig. 3A, reduces the ripple in the load 
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current. The operation of the condenser may be 
explained as follows: When the voltage is applied to the 
rectifier, the condenser takes a charge and continues 
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Fic. 3—PrLATE CURRENT—V OLTAGE CHARACTERISTIC OF THREE 


U V-202 Vacuum TUBES 


Fic. 3a—Circuir DIAGRAM or RECTIFIER WITH CAPACITY 
SHUNTED Across LOAD RESISTANCE 
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Fic. 3B—OSCILLOGRAMS FOR RECTIFIER CIRCUIT Fic 34 


V3 is load current. 
" 
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is condenser current. 


Vi is rectifier current. Ve 
with 2.13 u f. shunt capacity 
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Fic. 3c—OscILLOGRAMS FOR RECTIFIER Circuit Fro. 3A 


V, is rectifler current. Ve is condenser current. V} is load current 


with 12.13 uf. shunt capacity 


opposes the applied voltage. 
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charging until the rectifier voltage reaches its maximum 
value. As soon as the rectifier voltage begins to de- 
crease, the condenser begins to discharge and in so 
doing, builds up à voltage across the tubes which 
The rectifier current 
wave, therefore, takes the shape shown by V, Fig. 3B, 
instead of that shown by V, Fig. 2B. The condenser 
continues to discharge until the decreasing condenser 
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‘Fig. 4B—OscILLOGRAMS FOR RECTIFIER Cırcurr Fic. 3A 


' V, is condenser current. V2 is load current with 2.13 u f. shunt capacity. 
V3 is 60-cycle applied voltage 


voltage becomes equal to the increasing rectifier 
voltage. The load current pulsations are of much 
smaller amplitude for the circuit shown in Fig. 3A than 
for the circuit shown in Fig. 2A, because the condenser 


discharges through the load resistance and supplies - 


the load current during the time the rectifier voltage is 
passing through zero. 'The condenser discharges 
through the load resistance in accordance with the law 
for the discharge of à condenser through a resistance; 
that is, 


From the above discussion, it appears that it should 
be possible to reduce the load current ripple by increas- 
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ing the time of discharge of the condenser. Fora 
circuit such as shown in Fig. 3A, the time constant, 
. T=RC | 
Since the load resistance is fixed, the time constant can 
only be increased by increasing the capacity. Fig. 3B 
shows the load current when the shunt capacity is 
2.18 microfarads and Fig. 3c shows the load current 
for a shunt capacity of 12.13 microfarads. The oscillo- 
grams show that the ripples in the load current are 
very much less for a shunt capacity of 12.18 microfarads 
than for a capacity of 2.13 microfarads. 
In Fig. 4B, the relation between the condenser current 
V;, the load current V2, and the impressed 60-cycle 


4 
ESSI Eee d] | B 
MIR EID EA Ve crop e pa) 


A ^ ^ A ^ ^ 


V, |^ h | 


AT f 
II 
V2 


Fig. 5B8—OSCILLOGRAMS FOR RECTIFIER Crrcurt or Fra. 34 


Vi is rectifier current. V» is condenser current. V3 is load current 
with 2.13 u f. shunt capacity 
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Fia. 5c—OSCILLOGRAMS FOR RECTIFIER Circuit Fia. 3A WITH 
One TUBE 


V, is rectifier current. V2 is condenser current. Vs is load current 


with 12.13 u f. shunt capacity 


e.m. f. V3, is shown. The value of C, is 2.13 micro- 
farads. The upper waves of V, show very well the 
dissimilar characteristics of the rectifier tubes. It is 
well to point out that in V; the wave forms above the 
axis represent the charging.current, and below the axis, 
the discharge current into the load. 

Removing either T, or T, from the circuit Fig. 3A 
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. gives a half wave rectifier. The oscillograms in Figs. 
5B and 5c show the effect of shunt capacity across the 
load resistance on the output current of the half wave 
rectifier. In Fig. 58, Cı is 2.18 microfarads; in Fig. 
5c, C, is 12.18 microfarads. In both of these oscillo- 


grams, V;, V2, and V; are taken simultaneously, with 


V; the rectifier output current, V; the condenser 
current, and V; the resulting load current. 
wave forms above the axis give the charging current, 
and below the axis, the discharge current to the load. 
Effect of Induciance on the Load Current Wave Form. 


' Fira. A DIAGRAM or RECTIFIER WITH INDUCTANCE 
IN SERIES WITH Loap RESISTANCE 


Fig. 6B—OsçıLLOGRAMS FOR Rectirier Circuit Fire. 6a 


Vs is load current 
Vs is load current 


Vi and Vz are individual tube output current. 
with Lı 7.5 henrys. V, is output current of one tube. 
with Lı = 30 henrys. V¢ is 60-cycle applied voltage 


Introducing inductance into the load circuit, as illus- 
trated in Fig. 6A, causes a reduction in the amplitude 
of the current ripple and also a large drop in the effec- 
tive load voltage, because of the high I Z drop of the 
inductance. On the other hand, the shunt capacity as 
shown in Fig. 8A gives a higher effective load voltage 
than is obtained when both L and C are out of the cir- 
cult. This effect of the condenser is obvious from the 
discussion given above. 

In the oscillogram of Fig. 6B, Vi, V;, and V, were 
taken simultaneously with L;, having an inductance of 
approximately 7.5 henrys, while V, and V; show the 
individual tube output and V; the load current. The 
small hooks on the wave forms of V; and V; show that 
the rectified current lags the "pue e. m. f. because 
of the series inductance, 

: The effect of increasing the series ducana, to 
approximately 80 henrys is shown (Fig. 6A) by V4, Vs, 
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In V; the. 


very small effect on the load current ripple. 
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and V, in Fig. 6B, V, being the output of one tube (the 
output of the other tube being the same), V; the load 
current, and V, the impressed e. m. f. The ripple of 
VY; 1s considerably smaller than that of V;, and the hooks 


on the wave forms of V , are larger, indicating a greater . 
angle of lag between current and impressed e.m.f. 


Furthermore, the load current ripple is now practically 
a sine wave of a frequency twice the input frequency 
of 60 cycles. 

Inereasing the inductance stil further has only a 
Half wave 
rectification, with inductances in the load only, givesa 
slightly disturbed upper half of a sine wave. The 
oscillograms for the half wave rectifier are not shown 
here. 

It has been demonstrated above that the amplitude 
of the load current ripple is reduced by increasing the 


Fic. 8a—Circuit DIAGRAM OF RECTIFIER WITH SERIES 
INDUCTANCE AND Capacity SHUNTED Across RECTIFIER 


Cı =12.138 yn Li + Lz = 60 henrys 


X E Fig8 B 


Fie. 8B—OSCILLOGRAMS FOR RECTIFIER Circuit Fio. 84 


V» is condenser current. Vs is load current 
V4 is load current with 12.13 yf. shunt 


Vi is rectifler current. 
with 2.13 u f. shunt capacity. 
capacity 


time constant of the load circuit. For the circuit shown 
in Fig. 6A, with an inductance of Lı = 50 henrys anda 
series resistance of 9000 ohms, the time constant is 
0.00555 sec. The circuit in Fig. 3A with C, = 12.18 
microfarads and a load resistance of 8000 ohms has @ 
time constant of 0.097 see. Therefore, the amplitude 
of the load current ripple should be much less for the 
circuit with shunt capacity than for the circuit with 
series inductance. This is clearly shown by the oscillo- 
grams, V; Fig. 3c, for the circuit with shunt capacity 
and V, Fig. 6B, for the circuit with series inductance. 

Effect of Inductance and Capacity on the Load Current 
Wave Form. The effect of capacity shunted across the 
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. load resistance and the effect of inductance in series with 
. the load resistance on the amplitude of the load current 
. ripple have been shown above. 


By properly propor- 
tioning inductance and capacity, therefore, it should be 
possible to reduce the amplitude of the load current 
ripple to a negligible value. 

In oscillogram Fig. 8B, for the circuit of Fig. 8A, 
V3, Vo, and V; were taken simultaneously, V; showing 
the current from the rectifier, V, the condenser current 
with 2.13 microfarad capacity, and V; the load current. 
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Fic. 9A—Cincurr DIAGRAM or RECTIFIER 


Series inductance Liis30 henrys. Ciis4.26uf. C2is 4.76 nf. 


Fig. 9B—OSCILLOGRAMS FOR RECTIFIER CirRcuIT Fia. 9A 


V; is condenser current Cı. V» is condenser current Co. V3 is load 


current. V, is current in series inductance 


Increasing C; to 12.18 microfarads gives the load current 
shown by V., which is practically a straight line. The 
per cent ripple in this load current is 1.2 per cent and 
was determined by the method explained in Section 3 
of this paper. With the oscillograph, the current shown 
by V, appears as a straight line. It is seen, therefore, 


that the oscillograph will not show a ripple which is 


less than about 2 per cent. Since a load current with 
a ripple of 2 per cent is not satisfactory for “B” battery 
supply for radio receiving sets, further filtering and 
other means for detecting the ripple are necessary. 

'T wo more interesting oscillograms are shown to give 
the action of the second condenser in the filter shown in 
Fig. 94. In the oscillogram of Fig. 9B for the circuit 
shown in Fig. 9A, Vi, Ve,and V; were taken simul- 
taneously, with V; the condenser current of C;, V, the 
eondenser current of C, and V; the load current; 
V, is the inductance current and was taken separately, 
although timed nearly the same. 

A starting transient is observed here, and is due to 
the charging of C2, which had no charge at the start. 
The transient is observed to be slightly oscillatory but 
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so damped that only two cycles are apparent. The 
effect is more pronounced in V,. In the steady state, 
C+ draws a small current, being charged by the 120- 
cycle current ripple and discharging into the load, thus 
reducing the load ripple still further. The load current, 
V; Fig. 9B, shows a smooth line. 

The circuit, Fig. 10A gives an inverted L filter. 
Oscillograms, Fig. 10B, show V, the inductance current, 
Va the condenser current, and V; the load current, 
taken simultaneously, with C; equal to 2.18 microfarads. 
The wave forms V4, Vs, and V. show these same currents | 
but with C; increased to 12.13 microfarads. 

Several interesting things are to be observed: First, 
the highly damped oscillatory transient due to the 
charging of C.; second, on account of large shunt 
capacity and a proper series inductance, the ripples in 
the load current are less pronounced. Increasing the 
capacity, C., increases the transient and gives a smooth 
load current. | 


SECTION 3. MEASUREMENT OF THE LOAD CURRENT 


RIPPLE BY THE VACUUM TUBE PEAK VOLTMETER 


The output current of a vacuum tube rectifier was 
found to be a pulsating current as illustrated in Fig. 2B. 


Fic. 10a—Crrcvit DIAGRAM OF RECTIFIER WITH INvERTED L 
FILTER ‘ 


Li = 30henrys, C = 2.13 0r 12.13 u f. 
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Fic. 105s—OsciLLOGRAMS FOR ane Circuir Fra. 10a 


Vi is inductance current. V2 is condenser current and Vi; is load cur- 
rent when Cı =2.13 uf. V4 is inductance current, Vs is condenser 
current and Vg is load current when Cı = 12.13 u f. 


It has been shown that the amplitude of the pulsations 
can be reduced by means of a filter with properly pro- 
protioned series inductances and shunt capacities. It 
was also shown that the oscillograph would not detect 
a ripple in the load current less than 2 per cent. Buta 
ripple of 2 per cent in the load current of a vacuum tube 
rectifier is too large for “B” battery supply for radio 


\ 
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receiving sets; therefore, the following method for 
measuring the current ripple was developed. 

A current ripple may be looked upon as a periodic 


alternating current of some wave form superimposed 


upon a constant direct current. In this case of the 
output of a vacuum tube rectifier through a filter, the 
superimposed alternating current is practically a sine 
wave of 120-cycle frequency. By measuring the two 
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Fira. 11—Cincuir DrAGRAM or Vacuum TUBE VOLTMETER 


G -—galvanometer. EL = d-c. voltmeter. 
Rp = rectifler load resistance 


Ip = milllameter 
components of the load current, the ripple may be 
expressed in per cent by 


L ee 


a 


Here Inac is the maximum value of the a-c. component 
and I,, is the d-c. component of the rectifier current. 
After analyzing several methods for measuring these 
two components of the load current, it was found that 
the vacuum tube voltmeter would probably be the most 
satisfactory. The results obtained show that this 
method is well suited for such measurements. 

Fig. 11 shows the circuit diagram of the voltmeter 
as used for these tests. Here R; is the load resistance 
of the rectifier, Er the load voltage, and I, the load 
current, which contains the ripple. A d-c. potentiom- 
eter circuit, capable of a voltage variation from 0 to 
300 volts, is in series with the grid-filament circuit. 
The purpose of this potentiometer is: (1) to balance out 
the effect of the d-c. component and keep it from biasing 
the grid, (2) to measure the value of the d-c. component 
of the load voltage indicated by the meter E,. When 
the switch S is closed, the galvanometer G is used to 
determine if the potentiometer voltage is equal to the 
d-c. component of the load voltage. The meter 7, 
indicates the plate current. 


x 100 


Since the plate current of a vacuum tube is a hienoo | 


of the applied grid voltage, this device can be calibrated 
and used as a peak voltmeter. The meter was cali- 
brated by passing a known 60-cycle current through a 
known non-inductive resistance and applying the I E 
drop to the terminals 1-2 of the meter with the switch S 
open. Normal grid bias, plate voltage and filament 
current were used. Since the voltmeter was calibrated 
on 60 cycles and used on 120 cycles, there is a possibility 
of a slight error in the readings, due to the fact that the 
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plate current meter J, will not read the 60-cycle and 
The error is so slight, how- 
ever, that it ean be neglected. 

The calibration curve for this meter is shown in Fig. 
12. Two calibration curves are shown, one from zero 
to 11 volts, and the other from 10.5 to 57 volts, In 
order that no grid current shall flow, the peak voltage to 
be measured should not exceed the value of the grid 
biasing battery voltage, in this case, 9.1 volts. With 
the grid at a positive potential of 15 volts, the grid 
current is negligible in comparison with the load current, 
0.05 amperes, and therefore voltages up to 25 volts can 


-be measured with a high degree of accuracy and higher 


voltages can be measured with nearly the same degree 
of accuracy. The plate current shown by the calibra- 
tion curves in Fig. 12 is not biased to zero. This is 
done so that a known zero can be maintained and any 
deviation noted and corrected. The low-range cali- 
bration curve is a close approximation to the plate 
current-grid voltage static characteristic curve of the 
UX-201A vacuum tube. 

To use the vacuum tube voltmeter, the grid, filament, 
and plate battery voltages are adjusted to their proper 
calibrated values. With the complex current in the 
load resistance, the approximate value of Ey is deter- 
mined and the potentiometer set to that value. The 
switch S is closed and R, varied until the meter G 
reads zero. Then S is opened and the reading of I, 
noted. The corresponding value of the a-c. component 
of the load voltage is obtained from the calibration 
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curve, Fig. 12. The reading of E; gives the d<. 
component. From these two values, the per cent ripple 
can be calculated as explained above. In order to 
obtain satisfactory results, the voltage applied to the 
rectifier must be constant because very slight changes 
in the primary voltage will produce large variations in 
the voltmeter readings across the load. For these tests 
a constant a-c. voltage was obtained from a synchronous 
motor-generator set with battery excitation on the 
generator. 


* d 
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The various filter circuits shown in Fig. 13 were 
studied with the vacuum tube voltmeter, for which 
purpose, the full wave rectifier was used with a load 
resistance of 5100 ohms. With this resistance across 
the rectifier and no filter, an r. m. s. load current .of 
0.050 amperes was obtained. The load voltage E; 
obtained with the different filter circuits with constant 
input voltage is shown in the figure. The effect of 
varying the shunt capacity for each of the filter circuits 
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Fig. 13—Errecr or VARYING Capacity 1N Various TYPES or 
FILTER CIRCUITS 


is also shown in Fig. 13. The results of these tests 
show that the filters with a small per cent ripple in the 
load voltage have a high-voltage drop. By combining 
several of the types of filters shown, one with a small 
per cent ripple and a low-voltage drop can be obtained. 

One section of a Pi-type filter with the test results 
is shown in Fig. 14, and a single section of a T-type 
filter with test results is shown in Fig. 15. The Pi-type 
filler gives a current with a smaller ripple and also has 
a lower voltage drop than the T-type filter. The T 


filter can be improved by adding a capacity C» across the : 


load as shown in Fig. 16. The results of the test show 
that the per cent ripple has been reduced to a negligible 
value, but that the voltage drop in the filter remains 
unchanged. By adding a third capacity Ci, as shown 
in Fig. 17, the desired results are obtained; that is, the 
ripple is reduced to a value that cannot be detected by 
the voltmeter and the voltage drop is the same as for 
the Pi-filter shown in Fig. 14. 

By inserting a pair of high-resistance receivers in the 
plate circuit of the vacuum tube voltmeter, the ripple 
can be detected audibly. A ripple that was just audible 
was found to be equal to 0.08 per cent. To check these 
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results, a small portion of the load voltage was impressed 
upon the terminals of a 1 to 6 audio-frequency trans- 
former and the secondary connected to the terminals 
1-2 of the vacuum tube voltmeter. With a plate 
current of one milliampere, the hum was just audible. 
'This method of test was used for the circuit shown in 
Fig. 17. When using the audible method of detecting 
the ripple, it was found that the removal of the shunt 
capacity across the load (Cs, Fig. 17) introduced a 
bad circuit noise caused by high frequencies in the load 
current. It was also noted that a capacity of at least 
two microfarads should be used, at C; Fig. 17, to by- 
pass the high frequencies that tend to enter the load. 
The circuit devised for measuring thetwo coniponents 
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C; C; R, 


Fig. 14—E, = 250 Vors, Fia. 15—E = 186 Votre 
IL = 0.049 MILLIAMPERE I, = 0.087 MILLIAMPERE 


C Ce Per cent . Per cent 
pf n f. ripple | Ci ripple 
2.13 5 0.30 2.13 1.62 
4.26 5 0.20 4.26 0.70 
4.26 10 0.08 9.26 0.40 
14.26 0.27 
L, L2 
IL 
"ii 
Ci C2 Cs Ey 


1 


Fig. 17—E = 250 VOLTS 
= 0.049 MILLIAMPERE 


Fia. 16—E; = 186 Vorrs 
Il, = 0.037 MIiLLIAMPERE IL 


Per cent 


ripple Ci C3 Cs Remarks 

5.0 2.38 0+ 2.13 5 2 Slight hum 
5.0 4.76 0+ 4.26 5 2 | Very slight hum 

10.0 4.76 0+ 4.26 5 4 Not audible 

4.26 10 4 | Not audible 


Fias. 14, 15, 16, AND 17— FILTER CIRCUITS WHICH WERE TESTED 


The amount of ripple and the load voltage for different condenser values 
are shown herewith. In all cases Lı and Le equal 30 henrys each and 
Rr equals 5100 ohms 


of the load current by means of the vacuum tube volt- 
meter is believed to be a new application for this type 
of instrument. 


SECTION 4. CALCULATIONS OF PER CENT VOLTAGE 
FLUCTUATION 
The percentage voltage fluctuation in the load, resis- 
tance may be calculated by the formulas given by 
H. T. Van Der Bijl in his book above mentioned. For 
the type of filter shown in Fig. 8A, the formula is as 
follows: 
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C, = 12.18 x 10-5 farads, L = Lı + L: = 60 henrys, 
Rı = 8000 ohms, and w = 27 X 120 = 754. The 


calculations give a percentage voltage fluctuation of 
1.49 per cent. The value obtained from the measur- 
ments by means of the vacuum tube voltmeter is 1.2 
per cent. 

For the type of filter shown i in Fig. 9A, the following 
formula applies: 


C es — 
E, oC, [Ry? (1 — Li Cs w)? + Lg? o] 


C; = 4.26 x 10-* farads, Lı = 30 henrys, C, = 5.0 
10-* farads, Ry, = 8000 ohms, and w = 27 X 120 = 754. 
The calculations show a percentage voltage fluctuation 
of 0.289 percent. Thevacuum tube voltmeter method of 
measuring the percentage fluctuation gave 0.20 percent. 


SECTION 5. CONCLUSIONS 


In order that the voltage drop in the filter circuit 
should not be too high, the series inductance should not 
be larger than required to produce a current without 
ripples. For the filter circuits discussed above, each 
inductance for the working load current should not be 
less than 25 henrys. The resistance of each inductance 
should preferably be kept low,—not greater than 250 
ohms. To further reduce the voltage drop, a shunt 
capacity of not less than four microfarads should pre- 
cede the inductances to provide a low impedance shunt 
for the ripple current. 

To obtain a rectified current with negligible ripple, 
two Pi-type filter sections will generally be the maxi- 
mum number required if shunt capacities equal to, or 
larger than, four microfarads are used. A single 
Pi-type filter section can be used to give a ripple of 
approximately 0.10 per cent if both condensers have a 
capacity of six microfarads, or larger, and if the series 
inductance is large, 25 henrys or larger. 


Discussion 
H. S. Read: Filters have too long been submerged in elegant 
mathematies. Now we all see what is eontributed by the parts 


of the filter and how filters may be eompared. "The authors do 
much to bring theories out of the seereey of certain laboratores 
and put them in praetieal forms. 

It is remarkable that a filter ean be used for radio. One must 
greatly reduce the a-c. component in the direct current to make 
the a-c. inaudible. The reduction is a noteworthy feat because 
the human ear responds to a tremendous range of exceedingly 
small engeries. By way of illustration, if one-half inch repre- 
sents the least sound energy which ean be heard, how long a 
ruler would measure the loudest sound which one ean hear 
without pain? Two-thirds the distance to the sun! Or, if all 
the talk since colonial days of all the people in the United States 
were paid for at a common rate for electrical power, you could 
pay for all the talk with 35.39. We use in everyday life a great 
range of intensities and very small sound energies. It is amazing 
that filters ean really prevent the hum in radio. "The authors 
show how it is done. 

C. M. Jansky, Jr.: There are several characteristics of 
rectifier devices and filters used in receiving sets which are 
rather interesting, and which apparently are causing some dis- 
cussion among the manufacturers of suc: 2quipment. One 
of the characteristics of rectifiers is that they usually have fairly 
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high internal resistance with the result that for varying loads 
the voltage delivered varies widely. That is to say the voltage 
regulation of the device is extremely poor. 

There has been some attempt on the part of manufacturers 
to adopt standard specifications for rectifiers, and in so doing 
consideration has been given to the establishment of a standard 
filter circuit and also a standard load. The specifications for 
rectifying devices would then be given in terms of the action in 
this particular circuit. 

The conclusion was drawn that if rectifier A, in the standard 
circuit gave such and such results, and rectifier B gave such and 
such results in the same standard circuit, for circuits having 
entirely different characteristics you could predict what the 
results would be, which I think, to anyone who has considered 
the points brought out in the paper by Professor Kuhlmann and 
Mr. Barton, looks offhand as though too much were taken for 
granted. Therefore, any light which can be cast on the action 
of these devices should be very helpful. 

J. P. Barton: This particular B-battery eliminator which 
we have studied is of a general type of those which are on the 
market at the present time. 

Because of the apparent lack of proper engineering design and 
knowledge in regard to the inductances, and, furthermore, of the 
relatively high internal plate impedance of the rectifier tubes, 
the voltage regulation is usually poor. For this particular 
circuit described, the resistance of the inductances is higher than 
we have recommended in our conclusions, and this coupled with 
the high internal plate impedance of the rectifier tubes gave, 
for this set deseribed in the paper, a voltage regulation of about 
23 per cent over the useful range. 

There is one other point I should like to bring up which has 
very seriously, in the past years, concerned the B-battery elim- 
inators, and that is the proper design of the series iron-core 
inductances so that they will maintain a high enough value of 
inductance to cause a proper degree of filtering when normal 
load current is flowing through them. 

Many inductances on the market have no air gap in the mag- 
netic circuit. Such inductances will usually become saturated 
when 60 to 100 miliamperes, which is about the normal d-e. 
flowing in the average B-battery eliminator, is passed through 
them. Such inductances under these conditions have a very 
low value of effective a-c. inductance because the working or 
incremental permeability is low at high inductions corresponding 
to partial saturation. The ripple consequently would be very 
high in the load. It is only in a few of the manufacturing 
companies that the proper design of such inductances is under- 
stood. Several men have presented papers in the past several 
years on the design of such reactors. These papers have made 
it possible for many to design a reactor at the present time that 
will carry a d-e. component and yet maintain a high degree of 
a-c. inductance and keep that inductance over a small variation 
of the d-c. component which is present in these filter circuits. 

E. W. Vanderfield: . I should like to ask Mr. Barton what is 
is the effect of the transformer regulation on the transformer 
supplying the plate voltage to the rectifier. That varies a good 


' deal with the load drawn from the transformer, I believe. 


J. P. Barton: In the work done here we maintained an 
input voltage of 300 volts a-c. to the tubes and measured the 
variation of load voltage due to the effect of different filters. 
This variation in input voltage was small because the output 
current variation was over a small range. If such a rectifier 
were built for varying loads, then it would be quite essential 
that the plate transformers should have good voltage regulation. 
However, where a system is built to supply a constant load, then 
the voltage regulation is not so important unless the primary 
voltage varies unduly. 

The main difficulty in reducing the high voltage regulation of 
the B-battery eliminator is in the high internal plate impedance 
of the rectifiers, and the high resistance of the chokes, this latter 
usually due to economic reasons. 


A Two-Range Vacuum Tube Voltmeter 
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Synopsis.—The design, uses, and limitations of a new circuit 
employing the three-element vacuum tube as a voll meter are discussed. 
Two overlapping ranges of voltage, together with a single operating 


HE need for a convenient means of measuring small 
alternating voltages has long been felt in the com- 
munication engineering field. The usual type of 

electromagnetic voltmeter is inadequate for two reasons: 
(1) Comparatively large current is required to operate 
it, and (2) its calibration is greatly affected by fre- 
quency. Both of these defects are more or less in- 
herent and can probably never be materially reduced. 
The electrostatic voltmeter, while possessing neither of 
these defects, has others. Its sensitivity is exceedingly 
low, requiring the use of an optical system for voltages 
less than about 25 volts, and its adjustment is very 
difficult. 

The versatile vacuum tube, however, possesses 
certain characteristics which make it applicable to the 
measurement of alternating voltages. 

Various types of vacuum tube voltmetersare possible. 
One type uses a variable grid bias voltage which is 
made to balance out the plate current resulting when 
an alternating voltage is applied to the grid. This type 
measures peak voltages. Other types rely upon detec- 
tor action of the tube. The voltmeter circuit described 
in this paper uses the grid bias method of detection; 
this is sometimes also called plate circuit detection. 

Fig. 1 shows in schematic form the circuit which will 
be discussed. In order to obtain a wider range of volt- 
age and still prevent grid current from flowing, two sets 
of plate and grid bias voltages are provided for. To 
obtain a means of rigidly fixing both of these voltages, 
they are taken as resistance drops in the filament 
circuit. The use of a UX-199 tube, requiring but 60 
milliamperes for the filament, makes it possible to 
supply all power to the circuit from 45-volt, “B” 
batteries. Best results are obtained when two large- 
sized, 45-volt units are used in parallel. One set of 
resistances is used for the low-voltage range, the other 
for the higher range. When the higher range is in 
use, the grid is biased beyond the point where plate 
current normally disappears. For a fixed battery 
voltage, there exists an optimum proportion of voltages 
to give both the best, greatest sensitivity and the 
maximum range. 

Since the resistance in the plate circuit is low (of 
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and 


battery, are the unique features. The effect of wave-form and the 


elimination of that effect are treated. 
E * * * * 


the order of seyeral hundred ohms), the plate current 


may be considered as vanishing at a bias voltage equal 

to the plate voltage divided by wu. 

Let - 

E available battery voltage, 

E, = supplied plate voltage (high range) which equals 
the voltage between plate and filament for 
high range, 


e; = supplied plate voltage (low range) which equals 
the voltage between plate and filament for 
low range, | | 

E, = absolute value of grid bias voltage used with 
high range, 

e, = absolute value of grid bias voltage for low range, 
optimum value, 


puu— 


Ipo * AT; 


Kk) 


Alternating p Rp 
c 
Voltage : “— 
H H —L 
L5 Kal 


(1-K)AIp 
Fig. 1—Scurematic Diagram or Vacuum TUBE VOLTMETER 


V = maximum peak voltage which can be measured 
on high range without grid current flowing, 
(V =E e) 

v = maximum peak voltage which can be measured 
on low range without grid current flowing, 


a = voltage which when added to e. would reduce the 
plate current to zero; see Fig. 2. 


Then, 
Cp " rà 
6, = "E a (ais positive) (1) 
For the high range, 
E, 
E e 77 < . 2 
"uL (2) 


in order to provide continuity between the two ranges. 
Also, for the high range, 


E,- E-E, (3) 
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Putting. E, = V into (3) and combining with (2), 
| E—Yy 


<q. 
] ig ui m. a) 
For the low range, 
m e =E-b-e, (5) 
where b is the auxiliary balancing voltage used in the 


low range to balance out the normal plate current, 
I,, and which was available in the high range for 
plate and bias voltage. Putting e, = v into (5) and 
combining with (1), T | 


E—b—v 


Yy = 


—Q0. 


(6) 


— Fre. 2—Tue DovusrE-RANaE DESIGN 
ey = plate battery voltage l 
= plate filament voltage 
e, = operating bias 
p = voltage amplification factor of tube 


Eliminating v between (6) and (4) gives 


| u E- V 7 
HO) upt O 


This equation expresses the maximum peak voltage 
measurable in a continuous two-range design, in terms. 
of available battery voltage, voltage amplification 
factor and two design constants, a and b. 

The constant a is determined by trial and was found 
to be of the order of one volt for several 199 tubes. 
Its value is not critical. The constant b is quite 
arbitrary, if R, is adjustable for. different tubes having 
different values of Ipo being equal to I,,R, For 
R, = 50,000 ohms, b proved to be about three volts for 
one tube and five volts for another, using a 45-volt 

“B” battery as the source of voltage. 


V S(E-b-— 
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Using the guiding equations derived above, the volt- 
ages, E, Es, €., €» were selected and the resistances 
shown in Fig. 1 were obtained on the basis of 60- 
microampere filament current. Thus, E, is determined 
by Equation (7), E, by (3), e, and e, by (4) and (5), 
respectively. These values are not critical. A fila- 
ment rheostat of 30 ohms was used so the maximum 
drop would be greater than 1.5 volts, permitting the 


Fig. 3—WiniNG DIAGRAM OF ASSEMBLED VOLTMETER 


e, = 4.5 volts 
ep = 33 volts 
E, = 10.5 volts 
Ey = 30 volts 


use of dry cells to compensate for drop in B-battery 
voltage. The resistance r’ was variable but could be 
rigidly set for a particular tube. It was found necessary 
to use a variable 100-ohm rheostat to accommodate the 
three tubes tested. There is a considerable difference 
between the normal plate currents for different tubes. 


Sas RIES SSS A 
Fig. 4—CaBINET, MICROAMMETER, AND CONDENSER 


In fact, in the tube used in obtaining the data for this 
paper, a current of nearly two microamperes flows at 
the high bias, whereas in the other tubes tested, the 
plate current had entirely vanished at that bias. 

The final arrangement is shown schematically in 
Fig. 3. A telephone key is used to change from one 
range to the other. A key is also provided to disconnect 
the voltmeter from the alternating voltage. This key 


va 
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short-circuits the voltage terminals when the voltage 
is disconnected, in order to prevent the rise in plate 
current accompanying the free grid. The entire 
assembly of tube resistances and keys is mounted in a 
wooden case as shown in Fig. 4. Terminals are pro- 
vided for the battery and the microammeter. In the 
tests herein described, a Rawson-type 501 micro- 
ammeter having three ranges, 0-20, 0-200, 0-2000 
microamperes, was used. An expensive calibrated 
instrument is not necessary, however; any D'Arsonval 
galvanometer movement provided with a scale and 
giving a readable deflection on a few microamperes will 
prove satisfactory. A more sensitive meter is not 
desirable due to difficulty which will be experienced in 
maintaining the false zero. In fact, slight fluctuations 
in battery voltage as well as shocks applied to the 
tube are observable on the 0-20-microampere range. 
The resistances are of the porcelain, tube-wound type 
and are not especially non-inductive. In the experi- 
mental work à condenser was sometimes used across 
the plate-filament as is shown in dotted lines in Fig. 3. 
The tube is mounted in a shock-absorbing socket. 

Referring to Fig. 1, the application of Kirchoff's 
Laws to the balancing circuit gives the following 
equation: 
Let 

I, , = I when Iu = O 
I f r’ 

When an alternating voltage is applied to die grid, 
a mean increase in plate current, A Ip, occurs. In 
flowing from the filainent, this increase divides between 
the two filament terminals in the ratio K as shown in 
the figure. 
Thus, when I, = Ipe + A Ip 


(Ipo + (1 — K] AI,—1) Ro- (iy + 2) r’ 


= (K AT, +i) Ru = (9) 
But 
K ^ I +i = ls (10) 
Combining (8), (9), and (10), 
— Ro+ Kr 


Iu (11) 


Alo R, + Rut r 
Equation (11) shows that the calibration is not 
independent of meter resistance. The lowest range of 
the Rawson microammeter has a resistance of about 
1000 ohms which is not negligible compared with 
R, = 50,000 ohms. The variation between the resis- 
tance of meters of various manufacture but of similar 
range, however, is not sufficient to cause more than 
1 per cent error. Equation (11) gives the relative 
meter current in terms of the actual A Z,, K, and the 
resistances R., r', and Ru. It is to be recognized that 
changes in Ru as well as changes in filament rheostat 
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(as made to compensate for falling battery voltage) 
theoretically change the actual mean increase by 
virtue of changing the plate circuit resistance. The | 
value of K is also affected. No attempt has been made . 
to obtain a mathematical statement of this; the effect 
is imperceptible. A further effect of varying the fila- 
ment rheostat is to cause a slight change in the voltage 
applied to the circuit through the A 7. R; drop. This 
drop for the 30-ohm rheostat is negligible, also, being 
less than about 0.01 volt. 


2 Milliamperes 


R1 


Rı+ Rg:50007- 
To V. T. Vm. as above 


Thermocouple 


Oscillator è 


^— Microammeter 
Fra. 5—CALIBRATION CIRCUIT 


The following factors determine the usefulness of a 
tube voltmeter in communication measurements: 
1. Variation of calibration with frequency, 
. Input impedance, 
. Variation of calibration with wave-form, 
. Sensitivity, 
. Range, 
. Stability of calibration. 
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Fig. 6—SaAMPLE CALIBRATION VACUUM TUBE VOLTMETER 


Low range 1000 cycles 
Low range zero = 0 on 0.02 shunt 


Information concerning all of these factors has been 
obtained in the laboratory. 

Fig. 5 shows the circuit used to calibrate the tube 
voltmeter. This circuit was also used for much of the 
test work. Calibration curves for the model studied 
in the laboratory are shown in Figs. 6 and 7. In ad- 
dition to the fact that grid current reduces the input 
impedance, it biases the grid differently when flowing 
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through different resistances. 
grid bias verified this. 
limits the range. 

In order to interpret some of the subsequent results 
more intelligently, the effect of wave-form will be 
treated now. A consideration of the manner in which 
the mean increase in plate current arises shows that, in 
general, wave-shape does affect calibration. For almost 
all of the test work, the source of alternating current 
was a Western Electric 8-A oscillator comprising an 
oscillator, voltage amplifier, and power amplifier. 
Under load, the wave-form of the output current 
departs considerably from a sine-wave. 

For the purpose of studying the effect of wave-form, 
oscillograms were taken of the current wave at different 
loadings. A precision-type radio-frequency milliam- 
meter was used to maintain the current at a constant 
r. m. sS. value of 20 microamperes for each load. The 


Tests made using no 
The flow of grid current thus 


voltage drop to actuate the voltmeter was taken 


across a General Radio decade resistance box so that 
the voltage wave had substantially the same form as 
the current wave. 


16 20 04 08 12 16 20 
METER READING 
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Fia. 7—SAMPLE CALIBRATION VACUUM TUBE VOLTMETER 


High range 1000 cycles 
High range zero = 0.14 on 0.02 shunt 
Oscillogram (a) of Fig. 8showsthewave-form with the 

oscillator loaded most heavily; (b) shows the wave-form 
under light load; and (c) shows the form improved 
slightly by means of a parallel “trap” circuit, tuned to 
400 cyeles, the Hequeney used. The following table 
gives the results: 


TABLE I 
FREQUENCY = 400 OYCLES PER SEC. 
l p Volts 

Volts | Read- | Zero | Read- Cond.|Wave-| from [Per cent 
r.m.s.| ing scale ing Scale | m.f. | form | curve | error 

7.00 | 0.18 0.02 1.755 0.2 0 a 7.36 +4.90 
*7.00 | 0.18 0.02 1.252 0.2 0 a 6.73 |*—4.01 

7.00 | 0.18 0.02 1.433 0.2 0 b 6.97 —0.42 
*7.00 | 0.18 0.02 1.388 0.2 0 b 6.90 |* —1.45 

7.00 | 0.18 0.02 1.460 0.2 0 -c 7.00 0 
*7.00 | 0.18 0.02 1.403 0.2 0 c 6.93 |*—1.01 

7.00] 0.18 0.02 1.890 0.2 2 a 7.40 +5.40 

7.00 | 0.18 0.02 ix 0.2 2 b sa es 

7.00] 0.18 0.02 1.518 | 0.2 2 c 6.96 —0.57 

0.70 | O0 0.02 1.345 0.02 0 a 0.701 | +0.14 

0.70] O0 0.02 1.340 0.02 0 b 0.700 0 

0.701 0 0.02 1.340 | 0.02 0 € 0.700 0 
*Oscillator terminals reversed. 


The per cent error in the above readings was referred 
to the reading with wave-form (c), designated by zero 
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error for the reason that it coincided with the calibra- 
tion. It can be seen that while none of the wave-forms 
photographed is so distorted as to be considered un- 
suitable for most work, errors in measurement may 
result if tube voltmeters are used, unless precautions 
are taken to eliminate them. 


Fic. 8 

The curves given in Fig. 9 show that the calibration 
does not vary appreciably with frequency. For each 
set of curves, a constant voltage across a non-induetive 
resistance was obtained by the aid of a precision thermal 
milliammeter. As would be expected, the use of a 
condenser connected between plate and filament 
prevents the slight falling off. of the curves for higher 
frequencies due to the inductance in the plate circuit. 


METER READING 


10 100 1000 - 10,000 
FREQUENCY, CYCLES 


100,000 


Fig. 9—FREQUENCY CHARACTERISTIC OF Vacuum TUBE 
VOLTMETER 


A two-microfarad condenser gave just as satisfactory 
results as one of larger value. 

The input impedance of the tube voltmeter was 
measured with a shielded capacity bridge. The volt- 
meter was set up as for usual operation and the input 
impedance was obtained as a function of indicated plate 
current; see Fig. 10. The input capacity was found to 
be approximately 30 u uf. and the input conductance 
was found to be of the order of 0.004 micromhos. 
The conductance increasesrapidly as the grid approaches 
a positive potential. At 1000 cycles, the impedance is 
about five megohms. 

The above measurements show that the input im- 
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pedance of the vacuum tube voltmeter is entirely 
satisfactory for use in most communication engineering 
measurements. The device cannot be used to measure 
voltage across a condenser unless a conductive path 
exists between condenser plates, inasmuch as the volt- 
meter has no grid leak of its own. 


ie a A xine 


GR Bridge Ed & Tel. 


Æ m Volts 


Fig. 10—Scuematic DIAGRAM OF IMPEDANCE BRIDGE 


Further notes on the method of calibration may be 
of interest. A frequency of 1000 cycles per sec. was 
used in the circuit shown in Fig. 5. The current was 
kept constant at two milliamperes and the load was 
kept fixed at 5000 ohms, non-inductive. The thermo- 
couple, which was of the heater coil type, was calibrated 
with two milliamperes direct current immediately 
before use. The wave-form from the oscillator was 
satisfactory as the oscillator was not overloaded. 
Reversal of oscillator terminals had but little effect. 
Calibration curves were obtained both with and without 
two microfarads between the plate and filament. 
Condenser curves should be used for all frequencies 
about 100 cycles; below 100, the no-condenser curves 
should be used. 

A re-calibration of the voltmeter described, made 
after about 40 hours of service, was found to coincide 
with the original calibration to within the limits of 
accuracy of the standardizing voltage. This is to be 
expected, as the method of adjusting for ‘the false 
zero compensates for any change in emission. The 
change in filament current necessary to so compensate 
makes insignificant change in the operating voltages. 
As the tube nears the end of its life, however, its char- 
acteristics will change and compensation for the change 
in emission will not suffice, in general, to retain the 
calibration. 

Aside from the use of the vacuum-tube voltmeter 
as a calibrated instrument to measure voltages, there is 
a wide field of use in which the device may be used as an 
intermediary in measuring a ratio of voltages. An 
illustration is the comparison of two impedances. In 
Fig. 11 is shown the scheme for comparing a scalar 
impedance with a resistance. The voltmeter is first 
connected across Z, and the deflection noted, or the 
oscillator output is adjusted to give a conveniently 
readable deflection; it is then transferred to the voltage 
divider which is adjusted to give the same deflection. 
Care must be taken, if the wave-form is unsymmetrical 
with respect to the axis, to impress the same side of the 
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wave toward the grid. In comparing an impedance of 
high phase-angle with a resistance, error arises even 
then if the wave-form is bad; for the harmonics in the 
current wave contribute to the voltage in different 
degrees in the reactance and resistance. This is 
exemplified by the fact that the measured impedance is 
different for reversed oscillator terminals, using the 
correct voltmeter connections as shown in Fig. 11. 
Measurements comparing the impedance of a 100- 
millihenry inductance with that of a resistance showed 
a discrepancy of the order of 5 per cent upon reversing 
oscillator terminals. When an inductance was con- 
nected in series with the resistance and the impedance 
of the resistance reduced to the same value as that of the 
inductance, thus making the phase angles in the two 
impedances equal, this discrepancy disappeared. Excel- 
lent sensitivity was obtained. The error of measure- 
ment was less than 0.5 per cent. 

The tube voltmeter circuit under discussion cannot 
be used, without modification, except where the arith- 
metic mean of the voltage measured is zero. Measure- 
ments are frequently desired, however, of inductance or 
alternating voltage in iron core coils, transformers, etc., 
while carrying a polarizing or magnetizing current. 
One method of making such measurements is to employ 
the grid stopping condenser type of voltmeter. As 
pointed out by W. B. Medlam and U. A. Oschwald,* 
this type of voltmeter, however, has inherent objections 
such as enormous wave-form error, restricted range, and 
some frequency error. A preferable means of making 
the above measurements for transformers is to employ 
the plate detection voltmeter in a circuit shown inFig. 12 
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which was suggested to the authors by Mr. J. P. Barton, 
late of this laboratory, now of the Westinghouse 
Electric & Mfg. Co. By making r sufficiently low, 
of the order of a few hundred ohms, the current taken 
by the transformer can be reduced to a negligible 
amount; or, if not, corrections can be readily applied. 
Very satisfactory results have been obtained with this 
circuit in measuring voltage ratios of transformers, the 
manipulation being similar to the comparison of im- 
pedances. Here, the wave-form error cannot well 
be eliminated by a choice of voltmeter connections, 
and the best solution is to employ a good wave-form 
which, of course, is desirable from all standpoints. 


ELIMINATION OF WAVE-FORM ERROR 
Writing J, as a function of E, alone, as can be done 
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when the plate circuit impedance is very low and E, 
remains substantially pir 
= f (E) 

Let the steady mE. and voltage be Ipo and E;,,, 
respectively, and express the' superposition of a varia- 
tion in E, as 

Ip T A I, = f (Ego F A E.) 
Expanding this by Taylor's theorem, 


Voltage Divider 
£ A 


Oscillator 


Fig. 12—CIRCUIT FOR MEASURING TRANSFORMER 
CHARACTERISTICS 

AE? di, 
‘GE,° 2 ‘dE? 


AES @I, 
6° dE; * 


In general, this series would not greatly facilitate 
the study of the effect of wave-form where the varia- 
tions E, and I, are wide, inasmuch as then the deriva- 
tives would vary over the range. In particular, 
however, if I, = A (K + E,)?, the second derivative is 
constant (= 2 A) and all higher order derivatives 
vanish. Under this condition, 


d I, AE; dI, 
e d E, + . 9 d E? . . e 
It now becomes possible to compare A I, for two unlike 


wave-forms A.and B, 
Let 


AI, = AE, (1) 


A Eo, = ME a sin wt (2) 


and ‘et 
A Eos = “Eg, sin wt + "Es, sin (2 wt + ae) 

+ “Ex, sin (8 wi+a3)+ .. 
Further, let 

“E, = M “Es, + “Es, +... + "ER, (4) 

to express equal r.m.s. values. Substituting (2) in 
(1) and integrating over a fundamental cycle to obtain 
the average change in plate current, A Ip, 
1 dI, 
2° ab; ' 
as the periodicity of the first term causes it to vanish. 
Performing the integration, 


d? I " [ ME? ] 
d Eg 4 
Now, substituting (3) in (1), gives for the mean change, 


1 2x [ 5 
T4 Wt “Eng sin? (K wt + Qx) 
JLZ 


1 R l 
Alp, = ar Jl E, sin w t d (wt) 


Als, = 


(5) 


d: I, 
Als — YE 


. FE" Es, sin (n wi+a,) (3) 
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zx 5 5 “Ep, “Es, sin (r wt + Or) 


rmi sel 
rs 
sn (s wt + a,) | d (wt) 


The integrated value of the first summation can be 
shown to be 
r ("En + "Eat +... + «Es s | 


while the integrated value of the double summation : 
is zero over the cycle. The mean change in plate 
current then becomes 


d I | 
iE, | “Bat + "Ba +. 
By (4) we have 


A Ip, = oM "Es ] 


Als, = A Ír, 
which shows that for the quadratic characteristic the 
wave-form error vanishes. In special cases, the dis- 
crepancy between two unlike wave-forms may vanish 
for a non-quadratic function, but this will not be so in 
general, as a consideration of the graphical treatment 
clearly shows. 
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Fia. 13—VARIATION or WavEe-FonM ERROR WITH Bras 


The significant thing about the above demonstration 


is that the vacuum tube voltmeter may be freed from 


its greatest limitation by confining the range of varia- 
tion of grid voltage to a substantially quadratic portion 
of the curve. No previous treatment of this fact by 
others has been found by the authors. 

Certain types of tubes display characteristics well 
suited for use in eliminating wave-form error. The 
low-u power tubes, in general, have a relatively wide 
range of grid voltage over which the characteristic is 


` Hm ) 
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quadratic. Fig. 18 shows the plot of the square root 
of plate current as a function of E, for a UX-171 tube, 
and shows a range of about 27 volts over which the 
straight line indicates a constant second derivative. 
That the wave-form error is negligible over this region 
is shown by the other experimental curves of Fig. 13. 
They show the percentage difference between reversed 
readings for the unsymmetrical wave-form (a), pre- 
viously referred to. The percentage is taken with 
respect to the readings reversed the same way through- 
out. These curves show that if the tube is operated at 
a bias voltage near the center of the quadratic region, a 
voltage considerably in excess of the quadratic limita- 
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Fia. 14—Sratic CHARACTERISTICS OF VACUUM TUBE VOLTMETER 


tion may be applied without wave-form error. Thus 
the 16-volt r. m. s. curve shows no error when operated 
at -20 volts bias although the peak of the wave is 
approximately 28 volts and exceeds the limit of quad- 
ratic variation by eight volts. — 

Fig. 14 shows the 7, — E, curves for the voltmeter 
described herein. The wave-form error throughout the 
low-range was found to be negligible for any of the wave- 
forms studied, despite the fact that the departure from 
quadratic variation is quite marked. It is only when 
the normal bias voltage is considerably in excess of that 
for which the plate current vanishes, that slight dif- 


ferences in wave-form are manifested by different — 


readings in plate current. The plate current then 
depends solely on that portion of the voltage wave 
which projects beyond the vanishing point, and any 
hump or tip on the wave which might be insignificant 


compared to the entire wave is strongly instrumental 


in affecting the plate current. 

Too much emphasis should not be pied on the 
elimination of wave-form error. The mere fact that a 
voltmeter reads r. m. s. volts independently of wave- 
form does not, of course, permit the indiscriminate 
use of any wave-form. In fact, in some instances, it 
might be desirable to use a voltmeter which would, by 
reversing terminals, detect an unsymmetrical wave- 
form. 

Although the two-range voltmeter described herein is 
not capable of wave-form error elimination, its useful- 
ness is not necessarily impaired. It does, however, on 
the higher range tend to exaggerate differences in wave- 
form. In passing, it may be said that this exaggeration 
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is greater, according to the authors’ beliefs, in the grid 
stopping condenser type of voltmeter than in the plate 
detection type. In fact, the former partakes largely 
of the characteristics of a peak voltmeter. 

Of the six features of the vacuum tube voltmeter | 
which were set down at the outset, the following may 
be said in summary concerning the two-range type 
studied by the authors: 

1. Frequency has but little effect on the operation 
and this effect can be eliminated by the use of the by- 
passing condenser, 

2. The input impedance is high, of the order of several 
megohms, and the power factor is low, 

3. Differences in wave-form are exaggerated but not, 
for commercial wave-forms, objectionably so, 

4. The senstivity is higher, perhaps, than that of 
most other communication-frequency measuring instru- 
ments. On the instrument designed by the authors, 
changes of 0.01 volt on the low end of the range, and 
changes of 0.05 volt on the high end are readily 
detectable, 

5. The range is inherently low, covering, probably, 
a band of voltages from a tenth or a few tenths of a volt 
to about 10 volts, 

6. The stability of calibration over the entire life 
of the tube is questionable. Experiment showed, 
however, that in general the calibration could be ex- 
pected to remain constant for periods of operation of 
over 40 hr. 
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Discussion 


J. P. Barton: The vacuum-tube voltmeter as applied to the 
communication industry today, as Mr. Jansky has pointed out, 
is certainly an outstanding means of measurement on circuits 
where no current is to be absorbed by the measuring instrument. 

The vacuum-tube voltmeter is very versatile in creating a 
means of measuring constants of circuits which was not possible 
several years ago by the older means common to power work in 
the measuring of currents and voltages. 

One of the big advantages, as has been pointed out, is in the 
wave-form errors which do exist and which can be eliminated 
by using the quadratic portion of the static characteristic curve 
of the tube. From personal experience in the use of vacuum- 
tube voltmeters in measuring and comparing inductances 
against standards of inductance, it is very necessary to watch out 
for the effect of a bad wave form. To keep the wave-form 
error to a minimum or zero, it is best to make the impedance and 
phase angles equal for both the known and unknown inductances, 
and to present the same potential side of each impedance to the 
grid of the vacuum-tube meter. By this means very accurate 
comparisons are possible and it offers a quiok means of SOINS 
tion of the inductance. 


The Influence of Residual Air and Moisture 


In Impregnated Paper Insulation 


BY J. B. WHITEHEAD: 


Fellow, A. I. E. E. 


Synopsis.—The paper describes experiments in study of .the 
separate influence of residual air and moisture in impregnated 
paper as used for the insulation of high voltage cables. - 


Some sixty similar samples are prepared, dried, evacuated, and 


impregnated under the same program, except as regards the pressure 
of evacuation and impregnation. In groups of three, the samples 
were evacuated at various absolute pressures between 4 mm. and 
76 cm. Hg. 

The samples were brass tubes 2.54 cm. in diameter, 122 cm. long 
with 26 layers of wood pulp paper applied in the usual lapping 
spirals. Each sample was equipped with outside test and guard 
electrodes. 

Throughout their entire history, i. e., before and after impregnation, 


HE sharp rise in the power-factor—voltage curve 
of impregnated paper insulation, such as found 
in high-voltage cables, is commonly attributed to 

the ionization of entrapped air or gases. The present 
Investigation was undertaken with a view to studying 
the influence of different amounts of entrapped air in 
such insulation. The general plan adopted was to 
construct a large number of samples as nearly identical 
as possible, to impregnate them under similar conditions, 
except as regards the air pressure, and to follow the 
electrical behavior of the samples as closely as possible 
throughout their entire history. In addition to the 
results of the study of the influence of entrained air, 
other interesting data on impregnated paper insulation 
have also been obtained. 


THE TEST SAMPLES 


Each test sample consisted of a brass tube 2.54 
em. (1 in.) in diameter and 121.9 em. (4 ft.) long. 
Each tube was cleaned and polished and then re- 
ceived its wrapping of cable paper. The wood pulp 
paper furnished by a prominent manufacturer, was 
0.01016 cm. (0.004 in.) thick, and 2.54 cm. (1 in.) wide. 
The tube was put in a lathe and a leather friction grip 
mounted on the carriage of the lathe fed the paper on to 
the tube spirally in the usual manner. In each layer 
the successive turns lapped slightly, the lap varying 
from 0.08 em. (1/82 in.) down to a close butt contact. 
The laps or joints in successive layers were displaced 
successively by approximately 0.685 cm. (14 in.). 
The tension on the paper during wrapping was between 
3.5 and 5 lb. The greater number of samples were 
wrapped with 25 layers of paper, a few having 40 
layers. At each end of the paper wrapping additional 
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and 


observations were made on the samples of their dielectric absorption 
and their final conductivity. These studies have led to the conclu 
sions as to the influence of moisture. 

After impregnation, the samples are studied as to power-facter 
and dielectric loss over the range of electric stress 20 to 300 volts per 
mil, and of temperature 20 deg. cent. to 80 deg. cent. These studies 
have led, principally, to the conclusions of the influence of residual 
air. They show clearly the importance of thorough impregnation, 
and the conditions under which it may be accomplished. The 
causes of rising power-factor—voltage curves and methods of avoidance 
are clearly indicated. 

The principal results and conclusions a are given at the end of the 


paper. 


layers built up the thickness to twice that over the body 
These ends were secured with a 
wrapping of linen thread. 

Each sample was provided with a test electrode of 
sheet lead 0.04 cm. (1/64 in.) thick, and 71.12 em. 
(28 in.) long placed equidistant from the two ends 
Guard electrodes 5.08 em. (2 in.) wide were mounted on 
either end of the test electrodes. The electrodes were 
eut from sheet lead, carefully smoothed out and 
wrapped on in single pieces with a longitudinal opening 
of about 0.08 em. (1/32 in.) at the butt joint. The 
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Fic. 


electrodes were firmly held in place and in close contact 
with the paper by a continuous band of linen thread 
wound over the outside. Fig. 1 shows a finished view 
of the samples before impregnation. 

There were 60 test samples in all, divided into 20 
groups of three each. The three samples in each group 
received the same treatment throughout. The treat- 
ment of the several groups differed only as regards the 
air pressure at which impregnation took place. 


THE DRYING CHAMBER 


The drying chamber consisted of a wooden box 
182.9 cm. (6 ft.) long, 60.9 em. (2 ft.) wide, and 
45.72 em. (18 in.) deep, with hinged top and front. 
The box was lined throughout with sheet asbestos. 
The bottom of the box was completely covered 
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with a grid of bare resistance wire mounted zig- 
zag on small porcelain insulators. Subdivision of 
this wire into several circuits provided an electric 
heater readily adjustable for any desired temperature. 
A view of the interior of the drying chamber is seen in 
Fig. 1. The specimens, three in a group, were sup- 
ported on porcelain insulators several inches above the 
heater wire. A slow draft of air was drawn through the 
box continuously by means of a small rotary fan and 
holes in the two ends of the box. The equipment also 


included three resistance thermometers, which fitted — 


snugly into the interiors of the brass tubes forming the 


Fic. 2—EvacuaTING AND IMPREGNATING EQUIPMENT 


` central conductors of the samples, reaching to about 


their central portions. A thermostat with relay con- 
nection operating on the heater circuits. permitted 


maintaining the box at uniform temperature over long 


periods of time. Bakelite micarta bushings in the top 
of the box permitted introduction of 1500 volts, direct 
current, to the central conductor of each sample and 
connections tothe test electrodes, thus permitting 
study of the volt-ampere characteristics of the insula- 
tion throughout the period of drying. 


IMPREGNATING CHAMBER 


The impregnating chamber consisted of a steel tube 
of 12.7 em. (5 in.) inside diameter, 213.4 cm. (7 ft.) long, 
0.82%cm. (0.125 in.) wall thickness. The tube was 
placed in vertical position. (see Fig. 2) and the test 
samples lowered into it by means of a special rack. 
Both top and bottom of the tube were equipped with 
special steel flanges. That at the bottom was slotted 
so as to completely close the end of the tube, except for 
a 0.635-cm. (14-in.) pipe opening in the center. The 


flange at the top had a carefully machined surface on 


which could be sealed an outside plate providing the 
necessary air tight joint. The top and bottom flanges 
and all pipe connections were carefully brazed to the 
tube. Over the lower 152.4 cm. (5 ft.) of the tube there 
were wound two circuits of resistance wire mounted on 
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wooden strips, providing means for heating the impreg- 
nating chamber. A galvanized iron casing was built 
around this lower portion of the tube. The jacket so 
made was filled with transformer oil, completely cover- 
ing the heating coils. The outside surface of this oil 
jacket was enclosed in pipe covering and asbestos 
cement as heat insulation. The upper portion—about 
60.96 cm. (2 ft.) of the steel tube—was wrapped with 
ten turns of 0.318 cm. (1/8-in.) copper tubing through 
which water was passed continuously. The purpose of 
this feature was to maintain the top flange at relatively 
low temperature in order that a wax seal might be used 
for closing the impregnating chamber. This afforded a 
convenient and rapid method for handling the neces- 
sarily frequent opening and resealing of the impregnat- 
ing chamber. The evacuating system consisted of a 
motor driven oil immersed vacuum pump, connected 
with the impregnating chamber through a system 
of glass tubing which included calcium chloride or 
other type of drying chamber, a vacuum gage, a 
trap for receiving any compound which might go over 
into the vacuum system, and the usual stop-cocks which 
also provided for the admission of dry air. The vacuum 
gage was of the usual manometer type, permitting a 
minimum reading of one mm. Hg., which was the lowest 
pressure used. The connection to the vacuum system 
was near the top of the impregnating chamber. 
Immediately below the bottom of the impregnating 


Fic. 9—IwPREGNATING Rack AND TANK 


tube therejjwas placed a 10-gal. tank in which the 
compound was heated preparatory to impregnation. 
This tank was surrounded by an outer oil jacket which - 
contained electric heating circuits, the whole being 
covered outside with heat-insulating material. The 
pipe connection to the bottom of the impregnating 
chamber extended to the bottom of the compound tank 
and was equipped at its lower end with a special high 
grade valve operated from above the level of the 
compound. 

For impregnation, the specimens were mounted on a 
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special rack built around a 1.27-cm. (l4-in. square 
' brass rod (see Fig. 3). This rod carried three wooden 
supports into which the three specimens fitted in tri- 
angular arrangement. Near the top of the rod there 
was mounted a bakelite terminal block through which 
there passed 9 small glass tubes. These tubes extended 
down through the wooden supports and carried test 
leads to the electrodes and to three resistance ther- 
mometers which were inserted in the central tubes of 
the three specimens. The central conductor or tube 
- of each specimen was connected to the main brass rod 
of the rack which constituted the high-voltage terminal 
- for absorption and conductivity measurements. Each 


Fic. 4—Hicnu-VorraaE Test Box 


of the glass tubes terminated just above the bakelite 
terminal block and was fitted with a small brass cup 
connected to the lead passing through the tube. "The 
cups were filled with mercury, receiving platinum wires 
which, in their turn, were sealed into glass tubes 
mounted in the brass plate which finally closed the top 
of the impregnating tube. 
em. (7 in.) in diameter and 1.27 cm. (V6 in.) thick. 
The rack carrying the specimens was suspended under 
the center of this brass plate by three brass studs 


passing through the bakelite terminal block. The 


three samples could thus be mounted in the rack, the 
10 necessary electrical connections promptly made, 
and the whole lowered into the impregnating chamber. 
The brass plate rested on the top flange of the impreg- 
nating chamber to which it could be rapidly sealed with 
ordinary laboratory wax. By this arrangement elec- 
trieal measurements were possible during the period of 
impregnation and cooling. An additional oil encased 
heating bath was provided so that the 4-gal. can, in 
which the compound was received from the manufac- 
turer, could be heated before opening. The compound 
was never exposed to the air except at high temperature, 
and then only for the period necessary to adjust to 
final temperature in the impregnating reservoir. 


This plate was about 17.78 : 
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HIGH-VOLTAGE Test Box 


The high-voltage test chamber consisted of a wooden 
box approximately 182.88 em. (6 ft.) long and 60.96 em. 
(2 ft.) wide and 35.56 cm. (14 in.) deep, with hinged 
front and top (see Fig. 4). The box was lined through- 
out with sheet asbestos. It contained two galvanized 
iron troughs, one inside the other, the space between 
being filled with transformer oi] heated by submerged 
electric circuits. The specimens were mounted on 
porcelain supports placed on the bottom of the inner 
trough, which was then filled with the compound in 
which the specimens had been impregnated. Oc- 
casional measurements were taken with no compound 
in this tank. Lying longitudinally in the bottom of the 
tank and between the specimens were three resistance 
thermometers placed so that they would read the 


temperature of the compound in close proximity to the 


center of each specimen. Pipe connections in the 
bottoms of the tanks permitted ready removal of the 
compound and the oil of the heating bath. 


The high-voltage connections were made through 


bushings made of micarta tubes filled with impregnating 


compound. "These were mounted in the top of the box 
at one end, connection being made to the central tubes 
of the specimens by tight fitting plugs. Connections 


Fra. 5—ScHERING BRIDGE WITH ELECTROSTATIC SCREENING 


to the test electrodes were also brought out through 
micarta bushings near the center of the top of the box. 
Baffle plates and ground shields were so located in the 
inner trough that the test electrodes of the specimens 
were campletely screened, not only from electrostatic 
high-voltage influence, but also from any possible 
leakage due to conductivity in the compound forming 
the bath. These plates and screens, together with the 
troughs holding the specimens, were connected electri- 
eally to the guard electrodes and all were insulated from 
ground, the final connection to ground being made 
through adjustable resistances to be described in a 
later paragraph. 
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HIGH-VOLTAGE -MEASURING EQUIPMENT 


The source of alternating voltage was a 5-kw., single- 
phase, 125-volt, 60-cycle, motor-driven generator 
having a smooth wave. The motor-generator set was 
driven from a large storage battery and provision was 
made for close frequency and voltage control from the 
observer’s position. The voltage was stepped up by 
means of a 10-kv-a. transformer of ratio 115 to 34500 
volts. The accurate determination of voltage on the 
high-voltage side was made with a two circuit screened 
potential divider permanently connected across the 
high-voltage side of the transformer. Each circuit of 
this potential divider had a resistance of 1.6 megohms 
and it thus constituted a moderate steadying load on the 
generator. The voltage was computed from the current 
as measured in the ground side of one of the resistance 
circuits. 

The method of measurement of power factor was a 
modified form of Schering bridge. A schematic 
diagram of connections is shown in Fig. 5. As is well 
known this method requires an air condenser in one arm 
of the high-voltage side. 
are resistances, one arm being shunted by an adjustable 
air condenser by means of which final balance is 
obtained. .When the eee is balanced, the following 
relations exist: 


S 


negano (1) 


= Whence, power factor tan (phase difference) 


= wC: fi = wS CO3: (2) 


Preliminary measurements with a cylindrical high- 
voltage air condenser of 8.26 x 10-" farad capacity 
indicated that for a close balance of the bridge the 
values of the capacity in the two high arms of the bridge 
should not differ by a ratio of more than 3 or 4. In 
view of this fact it was found desirable to construct 
an air condenser to meet the range of capacities to be 
found in the samples to be measured. An illustration 
of the condenser as finally constructed is shown in Fig. 6. 


It is of parallel plate type having a single central 


high-voltage plate, 182.88 cm. by 2483.84 em.(6 ft. by 8ft.), 
and two low-voltage plates, each 121.92 cm. by 182.88 
em. (4 ft. by 6 ft.), one placed on either side the high- 
voltage plate. Each low-voltage plate was surrounded 
by a guard plate 22.86 cm. (9 in.) wide. All metal 
surfaces were of 0.0396-cm. (0.0156-in.) soft copper, 
mounted on oak frames, with smooth flat joints, and 
with edges turned back as indicated in Fig. 6. The 
low-voltage plates were supported each from its guard 
plate by six bakelite blocks. The guard plates in their 
turn were supported by steel rods hung from the upper 
part of the supporting wooden structure. The. entire 
low-voltage system of each plate Was adjustable hori- 
zontally permitting à maximum spacing between 
low-voltage and high-voltage plates of 25.4 em. (10 in.). 
' The lowest value of spacing used in the experiments 
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The low arms of the bridge | 
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was 5.08 em. (2 in.), thus corresponding to a total 
range of capacity using both plates of 77 X 10-" farad 
to 15.4 x 10-" farad. The outside surfaces of the 
low-voltage plates were screened with copper gauze 
connected to the guard plates. A 2.54-cm. (1-in). 
diameter brass tube extended from the rear of 
each low voltage plate to the observer’s position 
some 609.6 cm. (20 ft.) away. This tube was 
also connected to the copper gauze and guard plate. 
The connections to the low-voltage plates of the con- 
denser were carried through these tubes. Thescreening 


. system so formed was connected to ground through an 


adjustable resistance connection, and insulated from 
ground at all other points. (See Fig. 5.) 

The resistances used in the two low arms of the bride | 
were of Curtis type; that is, specially wound for freedom 
from capacity and inductance. Each box was placed 
in its own metal case connected to earth. The resis- 
tances used in grounding the various guard circuits 
were of high grade laboratory type. 

The charging currents of the specimens were mea- 


y TA T m PO T" t A : i 
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sured in the ground connections from the test electrodes 
by means of a Dolacelek quadrant electrometer shunted 
with resistance and calibrated for voltage in terms of 
laboratory standards. Suitable switching was'lar- 
ranged so that this electrometer could. be used for 
measuring the current in any section of the bridge 
connection, including the guard ring circuits of the air 


condenser, those of the test specimens, and that in the 


potential divider for measuring the high voltage. 

The detecting instrument for balance of the bridge 
was à Rubens vibration galvanometer with a sensitivity 
of 6.6 x 10-9 amperes per millimeter division in an 
eyepiece at one meter distance. In the present experi- 
ments the instrument was 304.8 cm. (10 ft.) from the 
observer. The blurring of the sharp image of an 
incandescent filament indicated unbalance, and it is 
certain that amuch higher sensitivity was reached. No 
effort was made to estimate a numerical figure for sensi- 
tivity of this instrument. Under the best conditions of 
observation a variation of 0.1 per cent of the adjustable 
air condenser was sufficient to upset the setting. This 
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variation corresponds to a difference of one figure in 
the 5th place of a power factor 0.00746. Thesensitivity 
falls off towards the lower range of voltage gradients 
and lower temperatures, owing to the low values of 
the loss component of the current. We estimate that 
in the lowest range of our observations the maximum 
error in our observations of loss and power factor is not 
greater than 2 per cent of the values as given. 

At a distance 457.2 em. (15 ft.) beyond the galvanom- 
eter and in the same line of vision was mounted a 
vibrating reed frequency meter with magnified scale 
having two reeds per cycle. This arrangement, 
together with close speed control, permitted accurate 
adjustment of the frequency to the natural period of 
the vibration galvanometer. 

The adjustable air condenser for the final balance of 
the bridge was of the usual dial type with interleaved 
plates, one set rotating about a vertical axis, and its 
position being indicated by a pointer moving over a 
180 deg. scale on the top. It was placed in a grounded 
metal box. This condenser was calibrated in place 
with its leads and with the guard circuits connected as 
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Fic. 7—CALIBRATION CURVE OF CONDENSER AND SCREENING 


in Fig. 5, by the Maxwell-Thompson method. The 
calibration curve is shown in Fig. 7. 

Mention has been made that the guard rings of both 
air condenser and test specimen were connected to 
earth through adjustable resistances. Reference to the 
diagram of connections, Fig. 5, willindicate the pointsat 
which these connections to earth were made. It will be 
noted that the guard principle was applied to the 
entire length of the connections from the central 
electrodes to the center of the bridge by running them 
in tubes connected to the guard electrodes, and to the 
rear screen of the central electrodes. The importance 
of electrostatic screening in work of this character is 
well understood. We also discovered very early in the 
tests that it is important that the screening systems 
and also the guard rings be maintained at the same 
voltage above ground as that of the central or test 
electrodes. 'This was readily accomplished by mea- 
suring the currents to earth from test electrodes and 
from guard rings separately. Then on balancing the 
bridge a resistance of suitable value could be inserted 
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in the ground connection of the guard ring system. In 
general not more than two adjustments were necessary 
to obtain the correct values. In the final condition of 
balance the resistance in the bridge arm and the resis- 
tance to ground in the guard circuit, have values in- 
versely as their respective currents to ground. We 
believe that in measurements of this character sufficient 
attention has not been given to the possibilities of stray 
fields at the ends of or over the leads to the test elec- 
trode. In our observations we frequently found that a 
resistance of several thousand ohms to ground would be 
necessary in our guard circuit, and that a change of 
2 per cent or 3 per cent in the total value of this 
resistance would be sufficient to throw the bridge out 
of balance. 


PROGRAM OF TEST 


Following is a general statement of the preparation, 
treatment, and test of the various groups of samples. 
As a general thing the three samples of one group were 
carried together through the entire process. 

The three samples of each group, equipped with test 
electrodes and guard electrodes, were first placed in the 
drying box in which the temperature was slowly raised 
to 105 deg. cent. A slow draft of air passed through the 
box. The condition of the samples was observed by 
absorption and conductivity measurements at 1500 
continuous volts. The samples remained in the drying 
box until there was no further change in their electrical 
characteristics over a period of twenty-four hours. 
As a rule this required a total elapsed time of about 
seventy-two hours. The samples were then transferred 
while hot to a rack and immediately lowered into the 
impregnating chamber already heated to 105 deg. 
cent. The chamber was then sealed, the vacuum pump 
started, and the pressure reduced to that at which the 
samples were to be impregnated. In certain cases 
the pressure was reduced to a minimum of between 
1 to 2 mm. Hg. absolute pressure and afterwards 
allowed to rise to the value for impregnation. The 
impregnating chamber was kept at the desired pressure 
and at 105 deg. cent. for two hours and then left to 
stand over night; usually about fifteen hours. The 
pressure was readjusted next morning to the proper 
value and the temperature allowed to fall to 80 deg. 
cent. The compound already heated to the same 
temperature was then slowly admitted to the im- 
pregnating chamber, the air pressure being maintained 
approximately constant. After the samples were 
completely immersed the temperature was maintained 
for two hours at 80 deg. cent. the pressure remaining un- 
changed. Air was then admitted to the impregnating 
chamber and absorption and conductivity measure- 
ments made on the samples at atmospheric pressure and 
80 deg. cent. The chamber was then allowed to cool 
over night and the absorption and conductivity mea- 
surement repeated at atmospheric pressure and room 
temperature. 
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The impregnating chamber was then heated to about 
45 deg. cent., the compound drained, and the samples 
quickly transferred to the high-voltage test box. 
During this transfer the specimens were in the open air 
for about five minutes. In the high-voltage test box 
the samples were immersed in compound. The com- 
pound was completely changed for each two groups of 
samples, three-quarters of the compound being removed 
for each group, and the fresh compound being that in 
which the group had been impregnated. In the high- 
voltage box, measurements were made of total dielectric 
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the outside air and inside the test specimen; and finally, 
the combination of specimens on which the readings 
were taken. All measurements were made with a two- 
circuit, shielded, potential divider connected from 
high voltage to ground. The value of the high voltage 
was determined by the current in one circuit of this 
potential divider, and was at all times found to corre- 
spond accurately with the ratio of transformation of the 
transformer (1-300). The order of the readings in 
Table I, and the repetition of the readings at different 
voltages indicates the constancy with which readings 


TABLE I 
P. F. MEASUREMENTS. SPECIMENS 3A, 3B, 30 
Pri. E Cond. Power Temp Deg. cent 
Ratio 300-1 Q S rdg. Cs factor Ww air spec. Specimens 

40 2000 ` 5379.5 0.002325 0.004710 0.6145 20.8 28.1 3A and 3B and 30 
60 2000 5374.0 0.002315 0.004695 1.379 20.5 27.6 3A and 3B and 30 
80 2000 5307.0 0.002320 0.004700 2.474 20.8 27.6 3A and 3B and 30 

100 2000 5359.0 0.002365 0.004790 4.210 21.4 27.6 3A and 3B and 3C 
90 2000 5361.0 0.002355 0.004760 3.345 21.4 27.6 3A and 3B and 3C 
20 2000 5371.0 0.002315 0.004690 0.151 21.5 27.5 3A and 3B and 30 
10 2000 5371.0 0.002300 0.004660 0.0376 21.5 27.5 8A and 3B and 3C 
60 2000 5365.5 0.002325 0.004705 | 1.382 21.5 27.5 3A and 3B and 30 
40 2000 5368 .5 0.002315 0.004690 , 0.6110 21.4 27.5 3A and 3B and 30 
60 4000 3534.5 0.00338 0.004500 0.4070 21.5 27.5 3A 
60 4000 3565.0 0.00355 0.004775 0.4330 21.6 27.3 3B 
60 4000 3630.0 0.00346 0.004740 0.4380 21.2 27.0 30 


loss, power factor, and charging current, over a range of 
temperature from that of the atmosphere to 80 deg. 
cent., and over a range of voltage of 1.5 to 30 kv., 


corresponding generally to the range 15 to 300 volts , 


per mil. Usually all three samples were measured in 
parallel with occasional check measurements on 
single samples to insure that they were of uniform 
characteristics. 

Following the power measurements, the samples 
were dipped in paraffin and set aside for further possible 
tests. 


TYPICAL OBSERVATIONS AND CHECK OF METHOD 
The essential measurement is that of power factor, 


and our measurement of this quantity is based on the. 


final relation of Formula (2); that is to say, the balance 
of the bridge determines the resistance Q, the setting 
and capacity of the adjustable air condenser C3, and also 
the value of the resistance S in shunt therewith. All 
of the observations were taken at a frequency of 60 
cycles for which value the generator speed could be 
closely adjusted at each setting, as checked by the 
amplitude of oscillation of the Hartman and Braun 
vibrating reed frequency meter. Table I givesa typical 
set of observations. 

The various columns of Table I in their order give 
the following quantities: The voltage at the low-tension 
terminals; the resistances of the two low voltage arms 
of the bridge; the reading of the adjustable air conden- 
ser;[the corresponding value of the capacity C;; the 
power factor as computed from Formula (2); the total 
loss as computed from the power factor, the current, 
and the voltage on the specimen; the temperatures of 


are repeated, and also that the three specimens of a . 
single group possess characteristics which are closely 
similar. | 

Table II is a sample of the measurements which must 
be made of the currents in the test and guard circuits 
of both high-voltage condenser and specimen, at each 
value of voltage. "These readings fix the values of the 
resistanees which must be inserted in the ground con- 
nections of the guard circuits in the final condition 
of balance. 

The accuracy of the method was tested by inserting 


TABLE II 
CURRENT MEASUREMENTS. SPECIMENS 3A, 3B, 30 
Pri.E| R,! | Zero | Rdg. | Dfln. I Circuit 
40 400 | 1.58 | 6.05 | 4.47 | 10.85 X 10-?| Tail circuit 3 spec. in 
parallel 
1600 | 1.58 | 4.42 | 2.84 | 2.16 X 10-*| Guard circuit 3 spec. 
in parallel 
1000 | 1.58 | 5.38 | 3.80 | 4.0 x10-?| Tail circuit H. V. 
condenser 
1000 | 1.58 | 4.90 | 3.32 | 3.75 X 10-?| Guard circuit H. V. 
condenser 


known values of resistance in series with the test 
samples. In one case the two halves of the high- 
voltage air condenser were separated, one-half being 
placed in either high-voltage arm of the bridge. Under 
these circumstances the adjustable air condenser and 
all of its connections had to be removed from the 
bridge in order to secure a balance which was readily 
accomplished with resistance only in the low arms. 
A resistance of 12799 ohms was then connected in the 
low side lead of the central electrode of one of the two 
high-voltage condensers C; (Fig. 5). The bridge was 
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then balanced again and the measured value of the 
power factor was found to be 0.001967. The computed 
value based on the J? R loss in the resistance was 
0.001976. Corresponding values using another value 
(20849 ohms) of series connected resistance were 
0.003105 and 0.003140. These constitute a check for 
values of power factor below the minimum values 
encountered in our work. 

For values in the higher range of power factor a 
similar series of observations was made using a Moscicki 
condenser. This condenser is of Leyden jar type 
immersed in oil and screened against electrostatic 
influence. The loss in this condenser alone at 12,000 
volts was found to be 1.79 watts. With 6003 ohms 
connected in series the loss was 2.32 watts; the mea- 
sured difference being 0.58 watts. The computed J? R 
loss in the added resistance was 0.522 watts. A second 
set of observations at a lower value of voltage gave 
corresponding figures 0.299 and 0.296 watts. The 
total power factor in these observations was in the 
neighborhood of 0.02. This value of power factor 
is wellabove most of those encountered in our obser- 
vations. 

The records also show many examples of agreement 
between the values of loss measured for three samples 
in parallel and the sum of the values taken on the three 
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to 1500 volts to the samples while in the drying box, 
and for measuring both charge and discharge currents 
to the test electrode in the usual manner. A Weston 
D'Arsonval galvanometer of sensitivity of 1.5 x 10-" 
amperes per division, was used. 

The behavior of each group of three samples was 


Fic. 8—CHARGING CURVE 


Cable paper specimen 1A—110 volts, 20 deg. cent.—Not impregnated 


much the same throughout the drying period.  Indi- 
vidual samples differed in considerable amount in the 
initial stage, but the shapes of the current-voltage 
curves, and the types of changes with temperature 
showed little or no variation among the various sets. 


TABLE III 


POWER FACTOR MEASUREMENTS. SPECIMENS 24A, 2B, 20 
Pri. E. Q S Cond. rdg. C3 mfd Power factor I Ww Specimens 
40 2000 3601.5 131.0 0.00357 0.00485 6.6 X103 amps. 0.384 3 spec. in par. 
40 6000 3733 134.5 0.003660 0.005150 2.21 x10 0.1367 2A ` 
40 6000 3558.5 134.0 0.003640 0.004890 2.15 X 10-8 0.1261 2B 
40 6000 3491 136.0 0.00368 0.004845 2.10 x 10-7? 0.1221 2C 
0.3849 for 3 spec. 


samples individually. Table III gives an instance of 
this. 

The computed value of the capacity of the high volt- 
age air condenser with both halves set at 5.08 cm. 
(2 in.) spacing is 77 x 10-" farad. The value as 
determined by the current measured at 15,000 volts 
in the test electrode circuit on the ground side was 
78.4 x 10-" farad. The value of this capacity is 
needed only for computations of the capacity of the 
specimens. The latter value was used in these 
computations. 


EXPERIMENTAL OBSERVATIONS 


The Influence of Moisture n Cable Paper. We dis- 
cuss first the influence of different amounts of absorbed 
moisture on the electrical properties of unimpregnated 
cable paper. The fact that each set of test samples had 
to be carefully dried out under exactly similar condi- 
tions afforded easy opportunity for studying the 
progressive change in the absorption and final resistance 
at different stages throughout the drying period. 
Provision was made for applying continuous voltage up 


The following description and curves refer to test 
sample 1-A. 
The three samples of group 1, equipped with paper 
40 
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Fie.{9—CHARGING CURVES 
Cable paper specimen 1A—110 volts—22.5 to 25.0 deg. cent,—Not 
impregnated 
and electrodes, were dried and tested in the impregnat- 


ing chamber. . On test sample 1-A the current through 
the insulation to the test electrode at 110 volts con- 
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tinuous, and at 20 deg. cent. was as shown in Fig. 8. 
The current rises continuously for an hour and a half 
after the first application of voltage, and is not yet 
constant. After discharging and charging a second 
time at the same temperature the second curve begins 
abruptly at approximately the value at which the first 
curve left off. Much the same effect is observed for a 
further period of short circuit and charge. After 
reversal of polarity the current starts at a lower value 
and seems to decrease slowly. (See Fig. 9.) "These 
results indicate that the continuous application of 
voltage gives a progressive increase in conductivity, 
and therefore shows the conspicuous presence of the 
well-known Evershed effect. All three samples in the 
group give approximately the same shape of curves, 
but ther ordinates differ amongst themselves. At 


REEEM 7 31 E 
BEEN Lm 


LV. DEFL. -- CM. 


uc 
arate T 


——— GS E 
ae J r3 Cent. Sonate 


0 10 20 i 30 40 50 60 


Fic. 10—CurrEnt—Time CURVES 


Cable paper specimen 1A—At various temperatures and 120 volts 
d-c Not impregnated 


this temperature (20 deg. cent.) there is only an 
extremely small indication of residual charge for any of 
the samples the 30-sec. reading on discharge for 1-A 
being 5-mm. galvanometer deflection, which may be 
compared with the corresponding deflection of 40 cm. 
on charge. 

The temperature of the samples was then raised in 
steps of approximately 10 deg. cent. and allowed to come 
to a steady electrical state at each temperature. The 
changes in the electrical characteristics follow very 
closely the changes in temperature. During the process 
of temperature change it is easily possible to follow the 
change in the value of the charging current (see Fig. 
13). Up to 65 deg. cent. there is a steady and rapid in- 
crease of the values of the currents, the curves, however, 
tending to become flatter (see Figs. 10 and 11). The 
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value of the residual charge also increases through this 
range, the 30-sec. value reaching 9.2 centimeters at 
55 deg. cent. Itis still very small as compared with the 
charging current at the corresponding interval and ab- 
sorption is as yet not great enough to show itself in the 
form of the charging current curve. The samples were 
allowed to stand over night at 75 deg. cent. It was 
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Fig. 11—CuHarap AND DiscHARG8 CURRENTS AT INCREASING 
TEMPERATURE. UNIMPREGNATED PAPER 
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Fic. 12—CHarRGING CURVES 


Cable paper specimens 1A, 1B and 10—110 volts, 86.5 deg. cent. Not 
impregnated 


then found that the charging current curve was nearly 
flat and considerably below thatat 65deg.cent. Thus in 
this temperature region time enters as a factor. Some- 
where between 65 deg. cent. and 75 deg. cent. the conduc- 
tivity of the sample stops rising and decreases (see Fig. 
11) The curve of current on discharge is also corre- 
spondingly lower, thus indicating a relation between 
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absorption and moisture content. It should be noted, 
however, that the absorption is of negligible magnitude 
as compared with conduction, up to 75 deg. cent. 
At 85 deg. cent. the charging current curvesrise slightly 
at the beginning and then fall off (see Fig. 12). They 
are still quite flat, but the decrease, although slow, 
seems to indicate that absorption begins to play its 
part in the shape of the curve. After standing over 
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Wig. 12—CnHanRaGING Curves CABLE PAPER SPECIMENS lA, 
1B, AND 1C WITH INCREASING ÜlEMPERATURE—93.5 TO 103.0 
Dza. CEsNT.—1500 VorLrs. Not IMPREGNATED 


nightat90 deg. cent. the initial rise in the charging cur- 
rent curve disappears' and a typical absorption curve 
takes its place. In this condition, however, the paper is 
still extremely sensitive to temperature change. For ex- 
ample, starting at 94 deg. cent. the initial limb of the 
absorption curve is readily observed but as the tem- 
peratureis gradually raised to 108 deg. cent. over a period 
of two and one-half hours, the current is seen (Fig. 13) 
to rise and become steady contemporaneously with the 
temperature. For temperatures above 104 deg. cent. 
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Wie. 14—CHaARGE AND DISCHARGE CuRVES—CABLE PAPER 
Specimens 4A, 4B, AND 4C—1500 Vorrs—110.6 Dea. CENT. 
Nor IMPREGNATED 


the curves are all of typical absorption type, (see Fig. 
14) with little change in shape up to 125 deg. cent. 
Both absorption and final eonductivity continue to 
decrease in this range suggesting the continued elimina- 
tion of moisture. Above85 deg. cent. measurements were 
made at 500 volts, 1200 volts, and 1500 volts con- 
tinuous. In all cases, the galvanometer gave deflections 
in proportion to the voltage and all the curves repeated 
their shapes. 
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The general conclusion from these studies is that the 
paper contains large amounts of moisture which are 
driven off rapidly at 75 deg. cent. or above. Up to this 
point its conductivity masks the usual dielectric proper- 
ties. At 105 deg. cent. the paper seems to reach a fairly 
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Fig. 15—CuanGE AND DISCHARGE CURVES—CABLE PAPER 
SPECIMEN 4A—1500 Vorrs. BEFORE AND AFTER IMPREG 
NATION 


definite condition. It appears as a dielectric having 
marked absorption and relatively high resistivity. 
On further elevation of temperature more moisture is 
driven off with consequent improvement of dielectric 
properties, although the changes are neither as marked 
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Fic. 16—ABSORPTION AND CoNDucTIVITY— TEMPERATURE AFTER 
IMPREGNATION—SPECIMENS 3B AND 3C IN PARALLEL 


nor as rapid as in the earlier stages. The properties 
are quite definite at any one temperature, although 
there are differences of from 50 to 100 per cent as 
amongst successive samples tested. Characteristic 
curves of one group at a temperature of 110.6 deg. cent. 
are shown in Fig. 14. The final current of specimen 
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4-C indicates a resistivity of 1.23 x 10-15 ohms per em.? 

Influence of Impregnation on Absorption Characteris- 
tics. In preparing the samples for impregnation they 
were maintained at a temperature of 105 deg. cent. in the 
drying chamber until they reached a steady state as 
regards absorption and conduction. Immediately after 
impregnation at 80 deg. cent. the absorption current val- 
ues were found to have increased from 40 to 70 times de- 
pending upon the sample, although the relative positions 
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Fic. 17—CHARGING CuRRENT—TEMPERATURE AFTER 
IMPREGNATION. FiNAL DEFLECTION 


of the three curves of the samples of each set remained 
about the same. The condition is shown in Fig. 15. 
In this ease the inerease in absorption current after 
impregnation is only about 14 times. This is due to the 
lower temperature (82 deg. cent.) at which the measure- 
ments were taken after impregnation. These increases 
in absorption and in conductivity decrease slowly with 
time if the sample is maintained at high temperature. 
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Fig. 18—4A BsonPTION— CABLE PAPER SPECIMENS 3A, 3B, AND 
3C—IN PARALLEL—AFTER IMPREGNATION—[1500 VoLTS 


. There is also some evidence that the application of 
alternating voltage causes further reductions. The 
samples apparently reach a uniform condition after one 
or two days of test. These changes offer an interesting 
problem for future study. | 
This large increase in the charging current is almost 
entirely due to the increased conductivity of the 
sample, resulting from its impregnation. Figs. 16 and 


WHITEHEAD AND HAMBURGER: IMPREGNATED PAPER INSULATION 


323 


17 show the rapid increase of both the final and the one 
minute galvanometer deflections with increasing tem- 
perature taken on the samples after impregnation. 
Obviously the final deflections are measures of the 
conduction current, and it will be seen that the one-half 
and the one minute deflections increase at much the 
same rate. Furthermore, the residual charge, as indi- 
eated by the discharge curves, shows relatively a much 
smaller increase than the conduction current. This is 
shown in Fig. 15 in which the discharge curve after im- 
pregnation and at 82 deg. cent: is seen to lie only slightly 
higher than the curve for 21 deg. cent. before impregna- 
tion. Fig. 18 shows for various temperatures the differ- 
ence between the final steady deflection and the defléc- 
tion taken atintervalsduring the charging period. These 
curves therefore show the total current minus the 
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4/32 in. by 3/32 in. insulation—measured in air on 4 ft. of cable—21.5 
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conduction current that is to say, the so-called reversible 
anomalous current. It will be seen that with the 
exception of the curve at 80 deg. cent. the absorption in- 
creases with the temperature throughout. The inset 
on Fig. 18 compares the reversible anomalous eurrent 
on charge with the current on discharge, for tempera- 
tures 80 deg. cent. and 57 deg.cent. Itwillbeseenthatat 
each temperature the two curves are closely coincident 
which again indicates that the large increase in the 
charging current curves after impregnation is due to the 
increased conductivity caused by the presence of 
impregnating material. Moreover, this seems to be 
a uniform conductivity as that portion of the charging 
current curve due to absorption is completely reversible. 

The conclusion from these observations is that the 
conductivity of cable paper is greatly increased on 
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impregnation. "There is also a corresponding increase 


in the dielectric absorption. The increased conductivity 
falls off rapidly with the temperature and at 20 deg. 
cent. approaches that of the dry unimpregnated paper. 
The conductivity thus introduced by the compound 
seems to be constant in character at any one tempera- 
ture and to possess the irreversible character often 
observed in liquid dielectrics. A further study is 
planned of the characteristics of paper and compound 
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Fia. 20—Power-Factor—VoLTAGE CuRVES—SPECIMENS 4A, 
4B, AND 4C—IN PARALLEL 


Conductor diameter = 1 in. Insulation = 0.10 in. wall, impregnated 
&t 2-mm. pressure 
Conductivity in dried state = 4A—3.40 cm. 
4B—3.45 cm. 
40—2.55 cm. 


separately and in combination, under different con- 
ditions of impregation. 

The Influence of the Air Pressure at Impregnation. 
The first purpose of our experiments has been the study 
of the influence of the air pressure at which impregna- 
tion takes place, on the shape of the power-factor— 
voltage curve. The sharp break often observed in 
this curve, (as forexamplein Fig. 19), is generally attrib- 
uted to the presence of air in thin layers which breaks 
down to cause increased loss, when the voltage gradient 
rises above a certain value. It does not appear to be 
clearly determined, however, whether or not these air 
layers are generally distributed through the successive 
layers of paper. If so a variation of the air pressure at 
which impregnation takes place might have an influence 
on the shape of the power-factor curve. It may be 
said here that the evidence from our experiments indi- 
cates that the break in the power-factor curve is far 
more often to be traced to a definite air layer between 
insulation and a loose fitting sheath, rather than to air 
films distributed through the body of the insulation. 
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'The air pressure at impregnation apparently plays a 
more important role in its action in facilitating the 
driving off of still further residual moisture, after the 
greater part has been driven off under preliminary 
temperature drying. It appears to be impossible to 
completely expel all moisture from cable paper. Final 
temperature and air pressure, and the time during 
which they are applied are the principal factors deter- 
mining the ultimate state of the paper. Extending the 
ranges of these factors well beyond the values used in 
cable manufacture we have had no difficulty in obtain- 
ing power-factor—voltage curves which appear greatly 
superior to those encountered in cables as manufactured. 
We have obtained these results by methods of drying, 
evacuating, and impregnating which certainly are more 
eareful and prolonged than those to be observed in 
many cable factories. On the other hand none of the 
methods we have used involves special difficulty, 
and with one possible exception, that of the method of 
obtaining a tight fitting sheath, it appears that it 
should be possible to approximate them in the factory 
production of cables. They would, however, entail 
more complex equipment than that commonly used, 
and more time, thus increasing costs considerably. 
One manufacturer has stated that he can duplicate 
our flat power-factor curves in cables for the market if 
the purchaser will stand for the additional price. 
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Fic. 21—Powsr FAcron— TEMPERATURE CURVES—SPECIMENS 
4A, 4B, AND 4C IN PARALLEL 


Conductor diameter - 1 in. 0.10 in. wall, impregnated 
at 2-mm. pressure 


Insulation = 


The results of our study of the influence of the air 
pressure at impregnation are shown in the series of 
curves of Fig. 20 to 38. The range of pressure studied 
is from 2 mm. to 76 cm. Hg. absolute pressure, extend- 
ing well beyond the range used in manufacture, in both 
directions. 

There are several striking results to be noted from 
this series of curves: 


Characteristics of Thorough Impregnation. The char- 


Dec. 1927 


acteristic type of the power-factor-voltage curve for 
complete impregnation is exemplified in Fig. 20 for 
2 mm. impregnating pressure. Up to 56 deg. cent. 


the power-factor curves are perfectly flat over the range 
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Conductor diameter = 1 in. Insulation —0.10 in. wall, impregnated 
at 5-mm. pressure 
Conductivity in dried state = 3A—0.65 cm. 
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Fic. 23—Powerr FACTOR— TEMPERATURE CURVES—SPECIMENS 
3A, 3B, AND 3C IN PARALLEL 


Conductor diameter = lin. Insulation = 0.10 in. wall, impregnated 
at 5-mm. pressure 


30 to 300 volts per mil. At higher temperatures the 
curves show increasing maxima in the neighborhood 
of the relatively low gradient 40 volts per mil and 
apparently tending to become flat towards the upper 
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range. Although the values of the power factor may 
vary from one set of curves to another this typica[ 
shape is remarkably well preserved over the range of 
pressure 2 mm. to 10 cm. 
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Conductor diameter = l-in. Insulation = 0.10 in. wall, evacuated 
and impregnated at 1-cm. pressure 
Conductivity of dried specimens about twice norma] due to high humidity 
Conductivity in dried state = 12A—8.3 cm. 
12B—8.1 cm. 
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Fig. 25—PowEn-FACTOR—VOLTAGE CURVES—SPECIMENS 10A, 
10B anp 10C IN PARALLEL 


Conductor diameter l-in. Insulation = 0.10 in. wall, evacuated and 
impregnated at two-cm. pressure 
Conductivity of dried specimens about six times normal due to high 
humidity 
Conductivity in dried state = 10A— 19.0 cm. 
10B—20.0 cm. 
10C— 16.0 cm. 
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Pressure Range for Thorough Impregnation. Over 
the range of pressure 2 mm. to 10 cm. Hg. pressure the 
flat power factor curve of the lower range of tempera- 
ture appears throughout. There is no evidence within 
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Fic. 26—Powrn-FAcToR—VoLTAGE CuRvES—SPECIMENS 11A, 
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Conductor diameter = 1.0-in. 
impregnated at 3 cm. pressure 
Conductivity of dried specimens about three times normal due to high 
humidity 
Conductivity in dried state = 11A—8.7 cm. 
11B—4.6 cm. _ 
11C0—6.2 cm. 


Insulation 0.10-in. wall, evacuated and 
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Fie. 27—PowrEn-FaAcTon—VoLTAGE CURVES—SPECIMENS 8A, 
8B, AND 8C IN PARALLEL 


Conductor diameter = 1-in. Insulation = 0.10 in. wall, evacuated 
to 2-mm. pressure 
Impregnated at 5-cm. pressure 
Conductivity in dried state = 8A—4.00 cm. 
8B—2.70 cm. 
8C—1.80 cm. 


the range of air pressures mentioned of a break followed 
by sharply rising values in the power-factor-voltage 
curve. This seems to indicate that with sufficient 
care to obtain thorough drying, impregnation, and close 
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fitting sheath, internal gaseous ionization may be elimi- 
nated and good power factor curves obtained without 
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SPECIMEN 6A 


Conductor diameter = l-in. Insulation 0.10-in. wall, impregnated 
at 5-cm. Hg. 
Conductivity in dried state—3.35 cm. 
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the necessity of an evacuation pressure lower than 10 
cm. Hg. Or stated more briefly, complete impregna- 
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Fic. 31—PowEnR-FAcToR—VoLTAGE CuRVES—SPECIMENS 2A, 
2B, AND 2C IN PARALLEL 


9 1875 37.5 


Conductor diameter = 1 in. Insulation, 0.16-in. wall. 
Evacuated to 3.5-cm. pressure 
Impregnated at 10-cm. pressure 
Drying period abriormally long 
Numbers at curves indicate the order in which they were taken 
Conductivity in dried state = 2A—2.05 cm. 

2B—1.22 cm. 

2C—1.42 cm. 
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tion of eable paper, without resulting gaseous ionization, 
or rising power-factor-voltage curve, may be obtained 
at air pressures of impregnation up to 10 em. Hg. 

A single exception to the foregoing is illustrated by 
Fig. 29, giving results on a set of specimens evacuated 
and impregnated at 5-cm. pressure. This set of curves 
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Fic. 33—Power-FactoR—VoLTAGE CURVES—SPECIMENS 13A, 
13B, AND 13C In PARALLEL 
Conductor diameter = l-in. Insulation, = 0.10-in. wall 
Evacuated and impregnated at 10-cm. pressure 
Conductivity in dried state = 13A—3.60 cm. 
Drying period—192 hrs. 13B—3.85 cm. 
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shows the typical ionization power factor curve; t. e., 
a sharp break followed by rapidly ascending values. 
These curves were taken in a series of studies with 
ascending values of impregnation pressure. At first 
they seemed to indicate that a critical pressure causing 
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internal ionization had been reached. On going to 
higher pressures, however, the normal flat curves were 
again observed. Another set of specimens was there- 
fore constructed, dried, evacuated, and impregnated 
under the same conditions as those of set No. 6 shown 
in Fig. 29. The results of this duplicate set No. 14 
are shown in Fig. 28 and as will be noted they indicate 
perfectly flat curves at lower temperatures and other 
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Conductor diameter = 1-in. Insulation = 0.10-in. wall 
Evacuated and impregnated at 5-mm. pressure 


characteristic features of normal curves. The curves 
of, Fig. 28 should also be compared with those of Fig. 27 
in which the impregnation also took place at 5-cm. 
pressure. In this case, however, the specimens had 
received a preliminary evacuation pressure of 2 mm. 
This treatment extracted more residual moisture which 
resulted in lower values of power factor as compared 
with those of Fig. 28. Following these results further 
observations were made in set No. 6, a period of several 
months having elapsed. The specimens were found to 
still possess their original characteristics as shown in 
Fig. 29. It is evident, therefore, that in the sharp 
difference of behavior of these two sets prepared ap- 
parently in the same manner, we should find very 
direct evidence as to the cause of the ascending power- 
factor curve. In a subsequent series of accelerated 
life tests the specimens of set No. 6 all showed much 
shorter life than those of set No. 14. In stripping the 
specimens those of set No. 6 were found to contain large 
amounts of entrained air between layers, while those of 
set No. 14 were almost devoid of traces of air. We 
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conclude, therefore, that for some reason which we 
can not explain, perhaps for example, the priming of the 
compound, this set of specimens did not receive com- 
plete impregnation. No other instance of this difficulty 
was encountered. 

Internal Gaseous Ionization. Above an evacuation 
and impregnation pressure of 10 cm. the power-factor 
curves begin to change their characteristic shape. This 
is exemplified in Figs. 35 to 38 inclusive, for pressures 
15, 25, 40, and 76 cm. respectively. The curves at 
low temperatures begin to lose their horizontal character 
and the curves at higher temperatures instead of de- 
creasing with increasing voltage gradient now show the 
characteristic sharp upward turn, due to the ionization 
of the internal air spaces. Within this region thereis also 
evidence that the degree of impregnation changes over 
a considerable period of time. This is illustrated in 
the curves of Fig. 36. The order in which the curves 
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240 


Conductor diameter = 1 in. Insulation, 0.10-in. wall 

Evacuated and impregnated at 15 cm. pressure 

Conductivity in dried state = 19A—2.00 cm. 
19B—1.50 cm. 
19C—3.60 cm. 


are taken is indicated and clearly shows that a tempera- 
ture cycle results in a change of internal condition. 
This period seems to extend over several days, after 
which time there is some suggestion that the specimens 
reach a steady and improved condition. Some of the 
specimens in this range have been stripped and all show 
the presence of copious air spaces. 

We show elsewhere that a layer of air between insula- 
tion and sheath is a very probable cause of gaseous 


ge RE Eg 
+ a [rect ef 254 


pef iw — Nes 


Dec. 1927 


ionization. It may be seen, therefore, that even with 
thorough impregnation of the insulation, gaseous 
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ionization may still exist between the insulation and 
sheath and reflect itself in the characteristic upward 
break in the power-factor—voltage curve. 

Influence of Residual Moisture. Although as already 
noted the power-factor—voltage curves have a typical 
shape for all pressures, up to 10 cm., it will be observed 
that some of the specimens show very much higher 
values of power factor than others, as for example, 
sets Nos. 11 and 13, Figs. 26 and 38. These differences 
are apparently due to excess amounts of residual mois- 
ture. As stated in the earlier part of the paper a 
definite program of drying and evacuation was de- 
termined and followed, with the idea that it would 
bring all the specimens to the same initial condition. 
A quite different result was found. Table 4 gives the 
drying period and temperatures of the various specimens 
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Fig. 38—PowrERr-FAcror—VoLTAGE CURVES—SPECIMENS 15A, 
15B, AND 15C IN PARALLEL 


Conductor diameter = lin. Insulation, = 0.10-in. wall 
Evacuated and impregnated at 76-cm. pressure 
Conductivity in dried state = 15A— 1.95 cm. 

15B—3.25 cm. 

15C—4.25 cm. 


together with, in columns 4, 5, and 6 the values of their 
final conductivities after drying, this latter being 
expressed in terms of galvanometer deflections. The 
wide range of variation is at once evident. It is chiefly 
caused by the variation in the atmospheric humidity. 
In the drying period the specimens are heated in the 
presence of a slow draft of air, as already described. 
At very high values of atmospheric humidity, during the 
summer months, it was impossible even in prolonged 
periods of drying to reduce the conductivity below the 
very high values indicated by specimens Nos. 10, 11, and 
12. The curves of specimens Nos. 10, 11, and 12 
especially seem to indicate that residual moisture will 
cause higher values of power factor without materially 
changing the shape of the curve. If, however, the 
pressure is carried down sufficiently low, say to 1 cm. 
Heg., this may offset the imperfect drying conditions and 
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result in a power-factor curve of normal shapeand value. 
It appears evident that our preliminary drying period— 
72 hours at 105 deg. cent. in a slow draft of air at atmos- 
pheric pressure,—is very thorough. The subsequent 
treatment as regards evacuation has relatively small 
influence up to 10-cm. evacuation pressure. The power- 
factor-voltage curves all retain their shape. Such 
differences as appear are principally in the absolute 
values of power factor at the higher temperatures. 
These inereases are always to be explained either by 
high atmospheric humidity or higher values of pressure 
at evacuation. "These increases in power factor never 
assumed serious proportions. For example, as regards 
pressure of evacuation, the difference between 2 mm. 
and 5 em. is reflected in an increase of the maximum 
power-factor from 0.012 to 0.017. At 10-cm. evacua- 
tion the power factor is of the order of 0.02. Another 
indication of the thoroughness of the preliminary 
drying was found in a comparison of the absorption of 
one set of samples taken before evacuation and after 
evacuation to 4-mm. pressure. The dielectric absorp- 
tion and residual conductivity was about the same 
before and after evacuation. 


TABLE IV 
DRYING AND IMPREGNATION HISTORIES 
Sets 2-19 
Set no Drying data Impregnation data 
'Time after Approx. Final deflection 
start of temp. —————— Evac Impreg. 
drying deg. cent. A B C press press 
2 Just before 
impregnating 102-103 2.05 1.22 1.42 3.5 cm 10 cm. 
Drying very 
long. 
3 96 105 0.65 0.63 0.57 5 mm. 5 mm. Overheated to 160 deg. for 
30 min. 

4 72 100 3.40 3.45 2.55 2 mm. 2 mm. 

5 72 106 2.38 2.20 1.65 1 cm. 1 cm. 

6 72 106 3.35 3.00 1.85 5 cm. 5 cm. 

8 72 106 4.00 2.70 1.80 2 mm. 5 cm. 

9 72 105 3.95 3.95 2.55 3 mm. 10 cm. 
12 72 8.30 8.10 6.80 1cm. 1 cm. | Drying data doubtful due 
10 96 19.0 20.0 16.0 2 cm. 2 cm. to high humidity. 
11 72 9.70 * 4.00 6.20 3 cm. 3 cm, 
13 192 107 3.60 3.85 3.25 10 cm. 10 cm. 
14 72 104 2.30 1.75 1.35 5 cm. 5 cm. 
15 96 104 1.95 3.25 4.25 Atmosphere 45 em. 
16 72 103 3.15 2.85 2.10 40 cm. 40 cm 
17 72 103 2.25 1.60 1.55 25 cm. 25 cm 
19 72 104 2.00 1.50 3.60 15 cm 


. , ; 15 cm. : 


Influence of Absorption and Conductivity. Through- 
out our measurements, we have taken closely parallel 
readings of power factor and of conductivity and di- 
electric absorption at 1500 volts continuous. The 
curves of Fig. 34 specimens 3-B and 3-C, show the 
variation with temperature of the power factor, of the 
final conductivity, and of absorption, as indicated by 
the one-half minute and one minute readings of the 
charging current curve. The similarity of form of the 
power factor and absorption curves is very striking. 
It has been recognized since the early work of 
Hopkinson, Rowland, and Hess and from subsequent 
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refined laboratory studies that there is an intimate 
connection between the dielectric loss and dielectric 
absorption. The curves of Fig. 34 emphasize this 
relationship in a very striking manner. They suggest 
that it should be possible to control the losses and power 
factor in cable insulation by means of studies of the 
property of absorption of the insulating materials. 
Such studies may be carried out at moderate values of 
continuous potential. Work in this direction is now 
under way by the authors. The decreasing values of 
power factor with increasing voltage gradients, always 
found in well impregnated specimens, is of interest 
in this connection. In our study of absorption we 
have shown the close importance between the absorp- 
tion of impregnated paper and the conductivity of 
impregnating oil. It is known that good liquid 
dielectrics often evidence a saturation current that hasa 
decreasing conductivity with increasing voltage. It 
appears probable that in our experiments, the im- 
pregnating oil, being liquid at the higher temperatures, 
possesses this decreasing conductivity with increasing 
voltage, thus accounting for a lower absorption, lower 
losses, and lower power factor. 


Influence of the Closeness of the Fit of the Lead Sheath. 
One of the striking results of our investigation has been 
the marked flatness of the power-factor curve at tem- 
peratures up to 60 deg. cent., throughout the entire 
range of voltage gradient 30 to 300 volts per mil, 
and for specimens impregnated at all air pressures up 
to 10 cm. Hg. An example of these curves is shown in 
Fig. 22. 

Examples of curves observed on commercial cables 
having approximately the same type of insulation are 
shown in Figs. 19 and 39. In looking for possible causes 
of these marked differences between our specimens 
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constructed in the laboratory and those taken from 
cables manufactured by commercial methods, we 
noticed the relatively loose fit which the sheathing of 
the commercial cables makes with the underlying 
cable paper insulation. This condition was perhaps 
accentuated by the cutting and stripping of the lead 
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Fia. 40—Powzn-FAcTOR—VOoLTAGE CURVES—SPECIMENS 5A, 
5C In PARALLEL 


_ Conductor diameter 1 in. Insulation, = 0.1-in. wall 
Impregnated at 1-cm. pressure 


in order to provide test electrodes necessary in samples 
of short lengths. In our methods of test the electrodes, 


which correspond to the lead sheath, were applied to the 
cable before impregnation. It thus appeared desirable 
to study the question as to the influence of air lying 
between the outer wall of insulation and the lead sheath- 
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ing. With this purpose in view, samples A and C 
of set No. 5 of our series were equipped with electrodes 
before impregnation in the regular manner. Sample B 
was impregnated before the electrodes were applied. 
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Fig. 42—Pownr-Factor—Voittace CURVES—SPECIMEN 5B— 
INFLUENCE OF TIGHTNESS OF, SHEATH 


The electrodes were applied first loosely and afterwards 
tightly. 

Fig. 40 shows the observations on 5-A and 5-C and 
Fig. 41 shows the observations on specimens 5-B; the 
observations being taken under compound. It will be 
noted that there is a pronounced influence of the loose 
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electrode in causing the power-factor curves to 
turn upward at all temperatures. By far the 
most striking indication of the influence of a loose 
application of the sheath after impregnation is shown by 
the observations on 5-B taken in the air, that is, not 
under compound, and with varying degrees of tightness 
of the sheath. These are shown in Fig. 42. These 
curves were taken with conditions approximately, 
as closely as we were able, the conditions that are met 
in manufacture. There is no question of the great im- 
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portance of the layer of air between the lead sheath and 
the wall of insulation. It should be noted that with 
test electrodes applied as tightly as possible after im- 
pregnation there is still present the rising tendency 
of the power-factor—voltage curves. 

Figs. 43 and 44 show further studies of the influence of 
the tightness of the sheath. Fig. 43 shows a com- 
parison between our tests on short lengths of cable C; 
and tests made on other samples taken from the same 
lot of cable by the Electrical Testing Laboratories. 
Fig. 44 shows tests on cable D under various conditions 
in which effort was made to alter the closeness of the fit 
between sheath and insulation. Strapping down 
tightly the ends of the lead sheathing, removing same 
and applying a tight electrode by our methods, and 
bending the sample in various ways changes the per- 
formance very little. The fact that these curves were 
all taken under compound, which from our experience, 
always tends to keep thecurvesattheir nearest approach 
to horizontal form, again indicates that air between the 
sheathing and the insulation plays an important part 


in causing the break of the power-factor curve away 
from the horizontal. | 

The several measurements, described above, all seem 
to indicate clearly the influence on the power-factor 
curve of an air layer between lead and paper. ‘This 
does not necessarily mean that deeper lying films of 
air may not play their part. On the contrary, it 
indicates that if such layers are present they, too, must 
necessarily cause a rising break in the power-factor 
curve. | 

Thanks are due to Dr. William B. Kouwenhoven 
for much helpful eooperation throughout the course 
of the work which was done in the School of Engineer- 
ing, The Johns Hopkins University, at the request of 
the Subcommittee on Impregnated Paper Insulated 
Cable Research, of the National Electric Light Associa- 
tion, D. W. Roper, Chairman. Further studies under 
the same auspices are continuing. 


SUMMARY AND CONCLUSIONS 


[;1. In the drying of cable paper at atmospheric 
pressure the great proportion of absorbed moisture is 
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given off between 75 deg. and 80 deg. cent. At lower 
temperatures, the electrical conductivity under the 
continued application of voltage increases with time in 
accordance with the Evershed effect. At higher 
temperatures the paper takes on the characteristics of a 
highly absorbent dielectric. 

2. In drying by elevation of temperature the final 
steady state of the paper depends on the temperature, 


Dec. 1927 


the time, and on the relative humidity of the atmos- 
phere. Similar examples carried through the same 
drying process but at different times may have widely 
different residual moisture and electrical properties. 
A drying period of 72 hr. at 105 deg. cent. in a dry 
atmosphere renders cable paper an excellent insulator, 
although it still contains moisture and shows high 
dielectric absorption. 

3. The evacuation process following that of tem- 
perature drying is principally important as removing 
still further residual moisture. It is not, however, so 
important in this particular as the initial drying period. 
Differences in the humidity of the initial drying period 
show themselves through subsequent evacuation per- 
iods at 1, 2, and 3 cm. Hg. pressures, and above. 

4. After impregnation, the conductivity and ab- 
sorption are greatly increased at the higher tem- 
peratures, but near atmospheric temperature the 
values are approximately the same as for the dry unim- 
pregnated paper. The differences are apparently due to 
the conductivity of the impregnating compound. 

5. Using a drying and evacuating and impregnating 
period of four days we have found for all pressures of 
impregnation up to 10 em. Hg., and for temperatures up 
to 50 deg. cent. power-factor-voltage curves which are 
perfectly flat over the range 20 to 300 volts per mil, at 
values in the neighborhood of 0.005. At higher 
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temperatures, the curves are higher and show maxima 
near 45 volts per mil, the power factor decreasing 
steadily thereafter with increasing stress. 

6. Up to 10 em. Hg., impregnating pressure differ- 
ences in the original state of the samples as regards mois- 
ture reflect themselves in small changes in the values of 
final power factor without material influence on the 
shape of the curves. High moisture content increases 
the power factor. 

7. Up to 10 em. Hg., the pressure of impregnation 
causes no tendency of the power-factor curve to break 
and rise, usually attributed to gaseous ionization. 
Above 10 cm. pressure rising power-factor curves 
appear, reaching the typical ionization shape at 25 em. 
pressure. 

8. Typical gaseous ionization curves have been 

obtained and controlled by variations in the tightness 
of the lead sheath or test electrodes. It appears that 
the rising power-factor curves found in cables are in all 
probability due either to loose fitting sheaths or to 
imperfect impregnation, causing extended layers of air 
rather than to original entrained air as dependent on 
the evacuation pressure. 
9. Power factor and dielectric absorption follow 
similar curves and the latter is suggested as a promising 
method for the predetermination of the properties of 
cable insulation. 


The Electric Arc and its Function in the New 


Welding Processes 
BY P. ALEXANDER: 


Member, A. I. E. E. 


Synopsis.—The subject of this paper is a phenomenon of great 
interest and very great complexity. The electric arc is a tool of 
extreme power and flexibility. The electric arc can be used to melt 
the most refractory substances, cut the armor plates of battleships or 
weld together the ends of wires no thicker than a human hair. It 4s 
a wonderful tool that makes or breaks almost anything. It may 
unite the most indifferent elements such as nitrogen and oxygen, or 
break the molecule into its constituent atoms. 

In this paper we shall discuss only one type of application of the 
electric arc; namely, the application of the arc to the welding of 
metals, but even in these limits the field is very wide. 

The electric arc was discovered by H. Davy who in 1810 was 
experimenting with the sparking between two horizontally disposed 
carbon pencils. 
circuit the tips of the carbon pencils were heated to incandescence. 
When the electrodes were separated the electric current continued 
to flow across the air-gap between the carbon pencils. The air-gap 
was bridged by some sort of an extremely bright band which under 
action of the accending currents of hot air was bent upwards and 
formed a bow or an ''arc." This 4s the origin of the term, the 
‘‘electric arc.” | 

For many years the electric arc was used only as a source of light. 
It was only years later that the electric arc was applied for the 
purpose of melting and welding metals together. In 1881 de 
 Meritens for the first time used a small carbon arc for melting and 
welding the lead terminals of storage batteries. The more extensive 
application of the carbon arc was done by Bernardos. 


ELECTRIC ARC 


HE metallic welding are is a phenomenon of great 
complexity. It is a combination of three distinct 
features; namely, conduction of the electric cur- 

rent, melting of the plate, and deposition of the metal 
from the rapidly melting electrode. The first feature in 
itself is a complicated phenomenon, which can be under- 
stood better if we consider it after reviewing the ac- 
cepted ideas on electric conduction in solid conductors 
` and in vacuum tubes. 

The electric current flowing through the solid con- 
ductor has been demonstrated by the experiments of 
Talman and Stewart to consist wholly of electrons. 
The positive ions form a rigid frame-work and partici- 
pate only in the vibratory movements due to the 
thermal agitation. The whole space is occupied by 
the spheres of action of the atomic forces. And be- 
tween atoms there is a continual exchange of the 
electrons. At any instant there is a number of 
electrons in transition from one atom to another. 
These dartings from one atomic system into anotherare 
especially numerous in good conductors, and the elec- 
trons which during that short flight do not belong to 
any atomic system are termed free electrons. In the 

1. Thomson Research Laboratory, G. E. Co., Lynn, Mass. 


Presented at a meeting of the Lynn Section, A. I. E. E., 
Lynn, Mass., May 18, 1927. 
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The density of the current was such that on short | 


This process was modified by Dr. Zerener of Berlin, Germany, 
who shortly prior to 1890 invented a process of welding with a flaming 
arc. In this process two carbon electrodes are disposed to forma 
"y". The arc is drawn between the two electrodes and caused to 
impinge upon the metal to be welded by being forced down by a 
powerful electromagnet. This arrangement caused the arc to act 
in a similar manner to the flame of an oxyacetylene flame. The 
energy developed in this arc is only partly transmitted into the 
weld and the efficiency of the method is very low. 

The third type arc welding known now as a metallic arc process 
was discovered about 1890 by H. Slawianoff. 

This engineer conceived the idea of producing steel ingots by 
an electrical casting process. Metal was deposited from a steel rod 
into a mold, an electric arc being maintained between the rod and the 
metal of the mold. Means were provided whereby the metal rod 
could be fed forward as it was consumed and a solenoid arrangement 
was provided for maintaining the arc length substantially constant. 
The ingots obtained under such conditions proved to be sound 
and free from shrinkage pipes. However, the cost of electrical energy 
in Russia in those days was very high and the process was com- 
mercially uneconomical. 

The information obtained by Slawianoff in this work led to the 
application by him of the metallic arc to the uniting together of 
metal plates, the repairing of cracked and broken machines, etc. 

Thanks to the work of Slawianoff we now possess a method of 
welding with metallic electrodes which at present is by far the most 
used of all arc welding processes. 


absence of an electromotive force, these movements 
are equally distributed in all possible directions, and 
the resultant of those elementary currents is zero. 
When a difference of potential is, however, impressed 
on the conductor, these disorderly migrations acquire a 
certain orientation so that more electrons will be 
moving in the direction of the positive pole. 

An idea of the number of moving electrons may be 
obtained if we will try to visualize the number 1.6x 
10! which represents the number of electronic dartings 
during one second through the cross-section of the con- 
ductor when it is carrying a current of one ampere. 
However great this number may seem, it is not the 
total number of electronic dartings but only a difference 
between those directed towards the positive and neg- 
ative poles. 

The conduction through the space not occupied by 
the solid conductor is electronic only in case of ex- 
tremely high vacuum. In this ease the electrons shoot 
from the cathode in straight lines across the empty 
space between the comparatively few molecules pres- 
ent which in extremely high vacuum can be in the order 
of a hundred million per cubic centimeter. Since the 
molecules themselves are mostly an empty space with a 
few specks representing the central nuclei and outer 
electrons, the high speed electrons can also shoot 
through them without being stopped or deviated. 
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When the cathode is cold the voltages necessary 
to produce such electronic currents would be of the 
order of millions of volts and the obtained currents 
expressed in milliamperes. In other words, for 
most purposes a space not occupied by either solid 
or gas of sufficient density is an insulator. There 
will not be any change in conductivity if a gas in a 
perfectly neutral state be introduced between the elec- 
trodes. The distances between the gaseous molecules, 
even if their number is increased to several billion of 
billions per cubic centimeter, arerelatively so great that 
there cannot be any exchange of electrons as in solid 
conductors between the atoms and the space remains 
non-conducting. This, however, will cease to be so if 
the molecules acquire electrical charges. 

Under usual conditions gases are subjected to various 
ionizing radiations such as the radioactivity of the earth, 
ultra violet rays, and the electrons emission from the 
hot bodies and flames. In atmospheric air these factors 
determine a generation of two to three ions per second 
per cubic centimeter. However small the degree of 
ionization may be, the gas will always contain a few 
ions and free electrons. If an electron moving under 
the influence of applied difference of potentials with 
sufficient velocity encounters or passes very near one 
of the outer orbital electrons of an atom, the repulsive 
forces between them may be such as to detach the 
orbital electron from the atomic system, which then 
remains with a unit positive charge. The removed 
electron may either repeat the same process with the 
next molecule or attach itself to it, thereby communicat- 
ing a negative charge. This removal or attachment of 
one extra electron to the neutral molecules is called 
ionization. | 

Electrons so produced and ionized atoms or mole- 
eules will also start moving in the direction of 
the electric force and if the potential gradient 
is suffieient, will aequire such velocity that their 
impaet on neutral molecules will ionize these. 
This process of cumulative ionization in a very short 
time will produce a sufficient number of carriers to 
transmit from one electrode to another a considerable 
current. Under certain special conditions, the highly 
ionized gas column may acquire an e'ectric conductiv- 
ity comparable with that of a good solid conductor. 
It might seem strange that a gaseous column can be 
almost as good a conductor as a copper rod, yet if 
we remember that the conduction depends only on 
the number of suitable carriers and on the velocity with 
which they can move this apparent paradox disappears. 
Now to pass from conduction through ionized gas to 
are conduction, we shall consider the effect of the tem- 
perature of the cathode. When the cathode is brought 
up by some means to a high temperature the electrons 
will be ejected from its surface into the gas in great 
numbers. These free electrons can be considered as 
ions and the gas containing such electrons as an ionized 
gas. The voltage necessary to move these free electrons 
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towards the anode can be comparatively low. If the 
gas is at a very low pressure, the electrons willmovein 
straight lines between the molecules. Only a very few 
of these electrons will be stopped or deflected by colli- 
sion with molecules. In this case the current will be 
purely electronic. However, when the molecules are 
present in larger numbers the electrons (if moving with 
sufficient velocity) will ionize the gaseous molecules and 
the current will be carried by ionized molecules as well 
as by the electrons. 

The method of producing the intense initial ioniza- 
tion in the ease of an electric arc is by taking advan- 
tage of the above described property of certain materials 
to emit electrons at high temperatures. To draw 
the are between the two electrodes, they are brought in 
contact and a current of sufficient magnitude is passed 
across the contact. The resistance of the contact, 
especially just before the moment of separation 
of the electrodes, is high enough to cause rapid 
heating of the tips of the electrodes to incan- 
descence, with the result that numerous electrons are 
projected into the surrounding gas, so that at the 
moment of separation of the electrodes, the gas con- 
tains large numbers of free electrons which under the 
action of the established electrostatic field will move 
and impinge on the gaseous molecules. 

Since the separation of the electrodes is done gradu- 
ally, even with comparatively low voltages the potential 
gradient during the first moment will be sufficient 
to give the necessary acceleration to the free electrons 
which at the end of their free path will possess energy to 
ionize the gaseous molecules. The ionized molecules 
and electrons will move and impinge on the next neutral 
molecules but unless the potential gradient is sufficiently 
high, they will not acquire at the end of their free path 
a sufficient velocity and consequently will be unable 
to ionize the next set of molecules; therefore, the 
ionization will not continue. Since the distance 
between the electrodes continued to increase and 
the potential gradient to decrease, the current, after 
reaching certain magnitude, will fall to alower value and 
finally stop altogether. But if the potential gradient 
during the separation of the electrodes be sufficient, the 
number of carriers will increase very rapidly until an | 
appreciable current will flow between the electrodes 
which will produce rapid heating of gas. At higher 
temperatures the ionization occurs much more readily, 
so that as soon as the appreciable current flows, the 
ionization is more pronounced which again causes 
the current to increase. As soon as the cathode spot on 
the electrode is brought to a high temperature, a large 
volume of metallic vapor is sent into the stream which 
is easily ionized and will conduct practically the whole 
current. Thisis the arc conduction. 

Since the drawing of the arc is done at a low tempera- 
ture and the maintaining of the arc at high tempera- 
tures, the voltages necessary to strike the arc are 
always much higher than those used to maintain the arc. 


336 


This feature is taken advantage of 1n the design of a 
number of commercial welding generators which 
produce a high voltage only on open circuit. As soon as 
the arc is drawn, the voltage across the brushes auto- 
matically falls to a value only slightly higher than that 
of the voltage across the arc. | 

Since high temperature is essential to maintain easy 
- ionization, any factor tending to cool off the electrodes 
or the are stream will influence greatly the stability of 
thearc. Ifthe temperature of the arc falls, the ioniza- 
tion of the materials in the are stream does not take 
place as readily, so that the agent producing ionization 
must be more active. In other words, the speed with 
which the electrons and ions impinge on the neutral 
molecules must be higher which necessitates a high 
potential gradient; that is, higher arc voltage. One of 
the most powerful methods of cooling the arc core is by 
surrounding it with hydrogen, which at high tempera- 
ture dissociates into the atomic state and absorbs large 
amounts of energy. 


ATOMIC HYDROGEN PROCESS 


This phenomenon of dissociation of molecular hydro- 
gen at high temperatures into the atomic state was 
discovered by Dr. I. Langmuir? during his studies of the 
laws of heat losses from a heated tungsten filament in 
hydrogen at low pressures. Dr. Langmuir observed 
that above certain temperatures, the heat losses instead 
of being proportional to 1.9th power of theabsolute tem- 
perature, are proportional to a much higher power which 
increases with temperature. 

The following studies of this phenomena established 
that these abnormally high losses are due to the dissocia- 
tion of molecular hydrogen into the atomic state. 
Step by step Dr. Langmuir discovered the temperatures 
of dissociation, degree of concentration of the produced 
atomic hydrogen, the energy absorbed by the dissocia- 
tion, the chemical properties of the atomic hydrogen 
and the thermic effects produced by recombination of 
the atoms into molecules. 


The atomic hydrogen possesses many remarkable 
properties which have been studied in the last few years 
by several investigators. 
impossible with molecular hydrogen take place when 
that gas is in the atomic state. The most stable 
oxides can be reduced into the metallic state. Sub- 
stances which are usually considered as the most 
refractory materials can be melted by the flames of 
atomic hydrogen. And certain hydrogen compounds 
which formerly could be produced in very small con- 
centrations, now may be obtained in 100 per cent 
concentrations. There are two methods of producing 
atomic hydrogen. 


One discovered by Dr. Langmuir is by increasing the 
speed of the thermal agitation of hydrogen molecules 
until the forces between the two atoms composing the 


2. Flames of Atomic Hydrogen, General Electric Review, 
March, 1926. 
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molecule are not sufficient to hold them together. They 
spring apart and by doing so absorb large amounts of 
energy from the source producing that thermal agita- 
tion. In this method all molecules subjected to the 
high temperature are being acted upon simultaneously. 
This is Gf we can use such a term here) a ‘‘mass 
production." 

The other way of disrupting the hydrogen molecule 
is by hitting it with a heavy atom, moving with high 
velocity. In this method the hydrogen molecules are 
dissociated one by one and only when shot with a 
swiftly moving atom. Using again a shop term, we can 
call it “piece work." However, Dr. Langmuir 
developed the first method which permits the produc- 
tion of atomic hydrogen in high concentration, which 
permits the use of atomie hydrogen not only as a 
special chemical regent but also as one of the most 
remarkable agents for transmission of thermal energy. 
To accomplish this, it was necessary to produce the 
atomic hydrogen not inside of a vacuum container, but 
in the open air. The method adopted by Dr. Langmuir 
consists in blowing a stream of molecular hydrogen 
through an electric are maintained between two tung- 
sten electrodes. 

The temperature of the arc core is sufficient to 
produce complete dissociation of the whole mass of the 
gaseous layer in contact with it. The produced atomic 
hydrogen diffuses rapidly away from the arc core and 
recombines in the cooler regions into the molecular state, 
forming an extremely hot flame of a single gas which 
burns without oxygen. The evolved heat, of course, is 
the energy previously absorbed from the are. It was 
found that the heat of formation of molecular hydrogen 
is equal to 98,000 calories. In other words, when the 
atomic hydrogen recombines to produce one cubic foot 
of molecular hydrogen (measured at N. T. P.), the 
amount of heat produced is 455 B. t.u This quantity 
is greater than that obtained by the combustion 
of one cubic foot of molecular hydrogen in oxygen. 
In the last case the amount of evolved heat will be only 
316 B. t. u. 

The greatest advantage of the atomic hydrogen 
resides not in the amount of energy transmitted but in 
the high potential at which that energy is delivered. 
In other words, the remarkable property of the atomic 
hydrogen is the temperature o its flame. Dr. Lang- 
muir's ealeulations show that this temperature is at 
least 3717 deg. cent. One of the experimental con- 
firmations of these conclusions is the fact that tungsten, 
the metal with the highest known melting point, can be 
melted in the atomic hydrogen flame but not in any 
other flame. 

The importance of the temperature of the flame can 
be illustrated by the comparison of two combustible 
gases; one of which is acetylene and another is propane. 
The amount of energy produced by combustion of one 
cubic foot of acetylene is 1456 B.t.u. The corre- 
sponding value for propane is 2465 B. t. u. 
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In spite of much lower heat capacity of acetylene, 
the temperature of its flame (about 3000 deg. cent.) is 
higher than that of propane (about 2100 deg. cent.) and 
the result of it is that the welding with that gas is much 
faster than with the latter. 

One of the practical applications of the atomic 
hydrogen flame is for welding of metals. In this field 
it has received lately numerous applications on account 
of its two properties especially valuable for welding 
work; namely, the extremely high temperature of the 
flame and the reducing properties of the gas forming 
that flame. 

As a welding tool the atomic hydrogen torch must be 
compared with the oxyacetylene torch. It, has 
similar characteristics in that the most of the energy is 
produced in a comparatively small inner cone or fan 
where extremely high temperature is attained. This 
inner hot zone is surrounded by the flame of reducing 
gas with temperatures gradually falling to that of the 
outer mantle of the flame where the recombined 
molecular hydrogen is burning in contact with the air. 
The temperature of that part of the flame is something 
like 1000 deg. cent. | 

This gradual change of emperatures gives an extreme 
flexibility to the atomic hydrogen torch. It insures a 
perfect control of speed of welding and of the tempera- 
ture of the molten metal in the weld. This last factor 
is of a paramount importance for welding in hydrogen 
atmosphere. This gas is only slightly soluble in 
molten iron ust above the melting point. But with a 
rise of temperature its solubility increases very rapidly. 
When the molten iron is overheated, it will absorb at 
least 15 times its own volume of gas (measured at 
N. T. P.). During the solidification most of that gas 
will be precipitated out and unless special precautions 
are taken, will form numerous blow holes. 

However, if the welder follows the right technic by 
forming only a shallow pool of molten metal which 
insures a low temperature of the molten iron, hydrogen 
will be prevented from going into solution and the re- 
sulting weld will be perfectly free from gas pockets. 

The atomic hydrogen torch embodies in itself all 
the necessary conditions not only to transmit from 
the arc into the plate any desired amount of energy, but 
also to do it at a very high speed. The high speed of 
recombination of the atomic hydrogeh into the molec- 
ular state is determined by the steep gradient of tem- 
peratures and also by the catalytic action of the metal 
in the weld. 

This recombination of the atomic hydrogen at the 
surface of the liquid metal in the weld to a certain ex- 
tent replaces he oxidation reaction always present 
when the welding is done in air. This reaction supplies 
the necessary auxiliary heat to keep the surface of the 
solidifying metal in the molten state long enough to 
permit the absorbed gases to escape freely. 

The a-c. ares used in the atomic hydrogen process 
are usually two or three cm. in length bent in a shape 
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of a fan between two tungsten electrodes placed to 
form a “V”. The voltage drops at the surface of the 
electrodes, which correspond to anode and cathode 
drops in d-c. ares, are equal to about 18 volts each. 
With the usual ares of about 100 volts, the 36-volt drop 
at the surface of the electrodes, therefore, represents 
one-third of the total are voltage, so that two-thirds 
of the energy absorbed in the dissociation of hydrogen 
into atomic state comes from the long are core. The 
usual arc voltage is about 100 volts and the open circuit 
voltage of the welding circuit is seldom less than three 
or four times that value. The energy absorbed by the 
weld, of course, is that which comes from the arc; the 
atomic hydrogen plays the role only of an exceptionally 
efficient transmitter. | 

The energy evolved by burning the molecular hy- 
drogen in contact with the air, serves only to raise 
slightly the temperature of the plate outside the weld 
but does not affect appreciably the weld itself. Most 
of that energy is radiated into surrounding space. 


THE SHIELDED ARC PROCESS 


While the work on atomic hydrogen was proceeding 
in the Schenectady Laboratory, the writer was engaged 
in the Lynn Laboratory on the development of an im- 
proved method of the arc welding with metallic and 
carbon electrodes. 

Since the accepted explanation of brittleness in arc 
welds was the presence in the weld of oxides and ni- 
trides of iron, the first experiments were conducted on 
welding in gases other than those composing the atmos- 
pheric air. The first experiments were conducted on 
welding in carbon dioxide, superheated steam, and illu- 
minating gas. Then, without any knowledge of Dr. 
Langmuir’s experiments with atomic hydrogen, the 
writer came to the conclusion that it is hydrogen which 
must give the desired results. The experiments im- 
mediately confirmed this view. The welds produced 
in that gas proved to be perfectly ductile and to possess 
a high tensile strength. Furthermore, it was found 
that the apparent resistance of the welding arc in hy- 
drogen is more than twice that of the same arc in air. 
Because of the desirability of rapid deposition of 
the metal, the welding arc must have a definite 
short length. The increase of the apparent resistance 
of the are without increase in length is most welcome as 
it makes the are almost twice as efficient as adevicefor 
the transformation of the electrical energy into the 
thermal form. | 

The anode and cathode voltage drops of an iron 
welding arc of 100 amperes maintained in hydrogen 
atmosphere were found to be each equal to 16 volts. 
The voltage drop across the arc stream for an arc of 
16 inch does not exceed 5 volts, so that the total volt- 
age across the are of inch in length is 37 volts. The 
usual are voltage of the welding ares of the same length 
and current intensity maintained in air is about 18 volts. 

This abnormal apparent resistance of the arc in 
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hydrogen, the writer at that time attributed to an xe- 
ceptionally high coefficient of heat conductivity of that 
gas. Indeed the heat conductivity of air is 0.5 x 10-5 
and that of hydrogen is 3.17 X 10-5 calories per cm. 
per sec. per deg. cent. In other words, it was 
thought that the high voltage of the are is due to a 
mere cooling of the are by hydrogen in its molecular 
form. 

At a later date, to check up this assumption, the 
writer repeated the same experiments with the arcs in 
helium. This gas has also an exceptionally high 
coefficient of heat conductivity which is even slightly 


higher than that of hydrogen; namely, 3.39 x 10-5. 


The experiments, however, showed that the arc voltage 
in that gas is lower even than in air. Since the coeffi- 
cients of diffusion of hydrogen and helium are about 
the same and the temperature of the arc core in both 
cases probably does not differ materially, the only 
explanation of difference in the arc voltages was 
that the hydrogen, being a diatomic gas, was dissociated 
into the atomic state while the helium, being a monatomic 
gas, remained unchanged by the extreme temperature 
of the arc. 


These experiments have an interest only as illustra- 
tion of various ways of investigation. The quantative 
determination of the amount of atomic hydrogen pro- 
dueed cannot be based on such experiments. "They 
only demonstrate the fact of the dissociation of hydro- 
gen into the atomic state and that it affects very 
markedly the anode and cathode fall. 


These two quantities are determined by the con- 
centration of the ions of one sign at the surface of the 
electrodes. If the production of the ions of the other 
sign in the first gaseous layers next to the electrode 
is slowed down, the electrostatic charges of the incoming 
ions will determine a very steep potential gradient. 
The dissociation of hydrogen into the atomic state cools 
off the surface of the anode and cathode and, therefore, 
reduees there, the speed of ionization and emission of 
thermions. The role of atomic hydrogen in the shielded 
are process can be compared with the most effective 
means of cooling the electrodes. 

Of course, the atomic hydrogen produced undoubt- 
edly affects also the quality of the weld, making it more 
free from oxides. This last action, however, is not as 
important as that which increased the efficiency of the 
arc, since in the shielded are process, the weld is fully 
protected by a large volume of the molecular hydrogen 
which at the high temperature of the arc is also one of 
the most energetic reducing agents. 


THE DEPOSITION OF METAL 


The transfer of the metal from the electrode to the 
plate can be either purely ionic or mechanical. In 
the first case the metal is rapidly vaporized from the 
electrode, enters the arc and after being ionized is moved 
across the arc to the surface of the positive crater where 
it regains its state of neutral atoms and condenses as 
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The speed of 
motion of gaseous ions is very high so that large quanti- 
ties of metal can be transferred from the electrode to the 
weld in a very short time. The hypothesis of transfer 
of the metal in the state of vapor has been advanced by 
Professor Slocum.? This type of metal transfer is 
observed only with long ares. 


The writer’s experiments indicated that the tempera- 
ture of the anode is the determining factor in the ionic 
transfer of the metal in the welding arc. If an are of 
125 amperes and 60 volts be maintained in hydrogen 
between a cold plate and Lé-in. Armco pure iron elec- 
trode, the transfer of metal will be mostly mechanical. 
The tip of the electrode will be liquified and the large 
drops of metal will be periodically falling down on the 
plate. The vapor stream from the negative electrode 
will enter the are, but there will not be appreciable 
condensation of that vapor on the plate If, however, 
the positive crater be allowed to establish itself 
on the plate and the temperature of the molten metal 
in the crater rises above a certain limit, then the are 
will become very stable and practically the total amount 
of metal will pass through the are in a state of 
ionized: vapor. The speed of “vapor deposition" 
of metal is about the same as that which would be with 
the short ares of the same current density when practi- 
cally the total amount of metal is passing through 
the arc in the liquid state. However, in usual practise, 
the arc length is so short that the intense radiations 
from the positive crater affect not only the surface of the 
negative crater but also the whole tip of the electrode toa 
considerable length. This results in rapid melting of 
the tip of the electrode which is in more or less plastic 
state to a distance of three or four millimeters from the 
negative crater. This condition determines an en- 
tirely different mode of transfer of metal across the are. 
The wire used as electrodes always contains a large 
amount of occluded gases. The actual volume of 
occluded gases depends on the method of manufactur- 
ing of the wire and in certain instances may reach many 
times the volume of the metal. 


The amount of gas which the metal can hold in the 
occluded state depends on the temperature. At the 
temperature of red heat, most of the gases are expelled 
from the metal. Since the tip of the electrode is in 
molten state, it is mechanically the weakest point and 
the gases escape in that direction which results in 
periodical rupture of the liquid surface of the tip of the 
electrode and projection of it into the direction of the 
positive crater. If the arc is very short, this ruptured 
part of the tip of the electrode short-circuits the are 
In other words, it bridges the tip of the electrode with 
the positive crater. As soon as the globule touches the 
liquid surface, another set of forces comes into play; 
namely, the surface tension of the molten metal. Now 
the globule is pulled towards the liquid by the surface 
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tension and so breaks the contact with the electrode. 
If the time of transfer was short, the temperature of the 
ionized gases was not affected appreciably so that the 
are can be readily restarted. The experimental proof 
of this mechanism of transfer of molten metal across the 
welding are was furnished by many investigators 
amongst whom we must name Professor Hudson‘ who 
advocates the theory of liquid transfer of metal deter- 
mined by the expulsion of the gases, and Mr. O. H. 
Eschholz?^ who demonstrated that even without the 
explosive action of gases, the metal can be transferred 
through the action of the forces of the surface tension. 
However, the writer is of the opinion that both types of 


' forces are responsible for the transfer of the metal in the 


short welding arc. 


PHYSICS AND CHEMISTRY OF THE CRATER 


In the case of are welding with a metallic electrode, 
the positive crater is established on the plate itself. 
This is the most efficient method of transmitting the 
energy of the arc into the plate. In this case not only 
the metal is subjected to the radiations from the nega- 
tive crater and the arc core, but it is also the subject 
of the most terrible bombardment by the electrons and 
ions rapidly moving towards the anode. The velocity 
of gaseous ions in the arc core is not definitely known 
but it may be expected to be very high. Further- 
more, the condensation of the gaseous ions on the 
liquid surface of the crater is accompanied by the 
evolution of the latent heat of evaporation of electrons 
and gaseous atoms. This last factor explains the 
difference in the calorific effects at the anode and 
cathode of the arc in spite of the fact that the anode 
and cathode potential drops, as in the case of the iron 
arc in hydrogen, are the same. The surface of the 
metal is heated so rapidly that the heat has no time to 
be conducted away through the thickness of the metal. 
Therefore, the metal around the foot of the are core 
is liquefied and forms a shallow molten pool. The 
metal in this molten pool is a subject of several actions. 
First, the rapidly falling metallic globules splash the 
molten metal so that the surface of the crater is con- 
tinually swept by the waves running from the center of 
the crater to the periphery. Secondly, the molten 
metal, being free to move, is repulsed from the foot of the 
are by the electromagnetic interaction of the currents 
carried by those parts of the arc and moves towards 
the edges of the molten pool, forming a sort of a shallow 
cup or a crater. 

The absorption and evolution of gases in different 
parts of the crater is a factor of paramount importance. 
The accurate tests conducted by Dr. Baraduc-Muller,® 
who was experimenting with the masses of molten steel 


4. A Theory of Metallic Are Welding, Journal of Am. Welding 
Society, October, 1919. 

5. Metal Deposition in Are Welding, Electrical World, 
June, 1920. 

6. The Gases Occluded in Liquid Steel, Iron and Steel 
Institute Carnegie Scholarship, Memoir, 1909. 
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weighing 11,000 pounds, demonstrated that molten 
steel may hold in solution very large amounts of gases. 
For instance, the volumes of hydrogen, carbon monoxide 
and nitrogen occluded in one cubic foot of molten 
Bessemer steel are respectively equal to thirteen, eight 
and five cubic feet (measured at N. T. P.). 

The writer’s experiments with hydrogen, helium, 
argon, carbon monoxide, and nitrogen occluded in the 
molten part of the crater gave about the same figures 
and indicated that these gases are precipitated out from 
the molten steel when it is still fluid. The observation 
of the large craters of the powerful ares burning in 
different gases reveals that all these gases are absorbed 
in the hot part of the crater and evolved in a form of a 
stream bubbles coming to the surface of the molten 
metal in cooler parts of the crater. 

This continual process of absorption and evolution of 
gases is equivalent to an energetic washing of the 
molten metal with hot gas. The occluded gases may 
react with the metal and form nitrides, oxides, hydrides 
or may simply be held in solution and be partly pre- 
cipitated out during the solidification. At any rate the 
large amounts of absorbed and later evolved gases have 
a very great bearing on the soundness of the deposited 
metal and the number of blow holes which it may 
contain. 

When the arc is maintained in air, the fundamental 
chemical reaction in the crater of the arc is oxidation. 
Oxygen of the air coming in contact with the molten 
metal reacts almost instantaneously and forms Fe O 
which is gradually dissolved in the mass of the metal. 
The excess of that oxide floats on the surface in a form 
of a slag and being further oxidized during the freezing 
of the metal to Fe; O4. The oxidation or burning of 
the surface layer of the molten metal in the are crater 
has a determining influence on the number of gas 
inclusions in the weld metal. As has been demon- 
strated by the writer’s experiments on welding arcs in 
argon-oxygen mixtures,’ the amount of heat produced 
by the oxidation reaction is sufficient to maintain the 
surface of the freezing metal near the edge of the 
crater in molten state long enough to allow all the gases 
to escape freely and leave the weld metal free from 
blow holes. 

When the deposition of the metal is done in reducing 
or neutral atmosphere, this reaction is suppressed and 
unless special precautions are taken, the weld metal 
will contain numerous blow holes. 

It may be pointed out here that in the atomic hy- 
drogen process, the recombination of the atomic 
hydrogen into the molecular form at the surface of the 
weld metal provides a source of large amount of energy. 
In this way the atomic hydrogen process not only 
suppresses the deleterious action of oxidation but also 
provides means to replace the important and desirable 
influence of that reaction by a new reaction which takes 


7. Oxidation of the Are Crater, Journal of Am. Welding 
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p'ace of the old one. In the shielded are process, 
other means are used to assure the prompt expulsion of 
the occluded gases. 


WELDING IN MIXED GASES 


The development of the shielded are process ex- 
tended also to the making of welds in mixtures of 
hydrogen and carbon monoxide according to the ideas 
of Prof. E. Thomson. 


The tests demonstrated that the metal deposited in 
that atmosphere possessed about the same ductility 
as those produced in pure hydrogen. Furthermore, it 
was found that the arc in water gas is much more stable 
than in hydrogen and does not necessitate the open 
circuit voltage even for welding with comparatively 
low currents, higher than used for standard work of 
welding in air. | 

Other tests were made with various gaseous mixtures. 
In conjunction with Professor Thomson the author 
found that not only various mixtures of hydrogen and 
carbon monoxide could be used for welding work, but 
that certain organic liquids such as methanol and 
denatured ethyl alcohol when vaporized will serve the 
same purpose as the pure hydrogen. 

Working in conjunction with Dr. Langmuir, the 
author also carried out a series of tests which demon- 
strated that for certain purposes nitrogen mixed with 
certain amounts of hydrogen gives welds of superior 
quality. It should be mentioned here also that the 
mixture of hydrogen with argon was suggested to the 
writer by Mr. P. K. Devers. 

The work conducted on welding in various gases re- 
sulted in the development of practical means of producing 
these gases easily and at a lowcost from various organic 
and inorganic compounds such asalcohols, ammonia, pro- 
pane,ete. Since these compounds are liquids or liquefied 
gases, the question of storage and transportation has 
also been solved. "This ean be made clear if we con- 
sider that one gallon of methanol will give on vapor- 
ization and dissociation in the are over 240 cubic 
ft. of gas. The development of welding in alcohol 
vapors should be especially emphasized as one of the 
most practical solutions found in this laboratory of the 
problem of storage and cost of the most suitable gas for 
welding by the shielded are process which is water gas. 

When instead of pure hydrogen, the shielding gas- 
eous atmosphere is provided by the gaseous mixture of 
carbon dioxide with propane or the vapors of alcohol, 
the function of the arc is not only to liberate sufficient 
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amount of energy to melt the metal but also by dissoci- 
ating the gaseous raw materials, produces a suitable 
mixture of hydrogen with carbon monoxide. The 
electric are here becomes not merely a source of heat 
but also a chemical laboratory. 

If we try to visualize all that is happening in the small 
space occupied by the are, all the different chemical 
reactions, transformation of electrical energy into ther- 
mal form, absorption and evolution of gases and the 
deposition of metal, one begins to wonder how it is 
possible for the welder to take care of all these com- 
plicated factors. The answer is that they take care of 
themselves. If the conditions are regulated rightly, 
all these processes are entirely automatic and the 
man has to wateh only the needle of the meter. 

After going through this description of the atomic 
hydrogen and the shielded arc processes, one may 
ask, “What is the purpose of this development? What 
is all this for? Is it easier to use a combination of the 
electrie are with the gas instead of using each of these 
factors singly?” 

The answer to the last question is no." Of course, 
the eombination of several factors necessitates better 
technique and more accurate adjustment of all the 
conditions. But what is complicated today will be a 
simple thing tomorrow. 

It is simpler to make a lamp with the tungsten 
filament in the vacuum than a eombination of the same 
filament and the gas. But who wants now the older 
and simpler type of the incandescent lamp? ‘The pres- 
ent are welding processes are all right and give excellent 
results in every field of their applications. But so 
did the rivet thirty years ago. 

There was a time when no one dreamed of using 
anything but pure wrought iron. Then there came an 
age of iron-carbon alloys; that is, of steel. And now 
we are entering the era of alloy steels. Most of those 
steels contain such easily oxidizable elements as 
chromium. And unless the weld is protected by a re- 
ducing atinosphere, the results on welding such mate- 
rials are not satisfactory. It is in this field that the 
new processes probably will find their best applications. 

The electric arc and the gas flame will, in the future, 
replace rivet cutting tools and the foundry mold. 
Amongst innumerable fields of applications, there will 
be demand for every kind of welding and cutting 
processes. The described processes will not replace 
any of the existing processes but simply assume their 
place of usefulness amongst the older brothers and do 
the job which cannot be done without their help. 
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Computation of the Unbalance Factor 


of a Three-Phase Triangle When Lengths of Three Sides are Given 
BY A. E. KENNELLY 


N an important paper read before the June 1918 
Convention of the A. I. E. E., it was shown by Mr. 
C. L. Fortescue that any dissymmetrical system 
Of three-phase voltages or currents could be resolved, 
by vector methods, into a pair of symmetrical systems, 
one forward and the other backward. The numerical 
ratio of the latter to the former is called the unbalance 
factor of the system. Although several vector methods 
were developed in the paper and its discussion, for 
evaluating the forward and backward components when 
the dissymmetrical triangle is given, so far as is known 
to the writer, no scalar and purely numerical method 
of developing them has been published. As it is useful 
sometimes to compute the two components without 
recourse to vector methods or to the drawing board, 
a numerical method is here offered. 


Let A B C, Fig. 1, be the dissymmetrical three-phase 
triangle, say of voltages A B = 1100, BC = 1000, and 
C A = 900, the system having counterclockwise rota- 
tion. One of the now well-known vector methods for 
deriving the forward and backward components is 
shown. With center A and radius A C, arcs of 120 deg. 
and 240 deg. are drawn counterclockwise to the points 
d, and e; respectively. Again, with center B and 
radius B C, ares of 120 deg. and 240 deg. are drawn 
clockwise to the points D and E respectively. Lines 
d; D, and e, E, are then drawn as shown. Each of these 
lines is trisected, as at did, and eje, Equilateral 
triangles d; dz d; and e: eze, are then constructed on 
these segments. "These are known to be the equivalent 
symmetrical component systems. The equilateral tri- 
angle d; d» d; is drawn with forward rotation or counter- 
clockwise, like ABC, and the equilateral triangle 
€; €» 03 With reverse or backward rotation. 

The vector sum of d; dz and e; e, is then equal to the 
vector A B, | 

The vector sum of d; d; and ez e; is then equal to the 
vector B C, 

The vector sum of d; d; and e; ei is then equal to the 
vector C A. 


In this case, the sides of the forward or d thng 
measure 996.6 volts, and the sides of the backward or 


. e triangle measure 115.9 volts. The unbalancefactorof 


the A 8C triangle or system is then 115.9/996.6 =0.116. 
An equivalent numerical method is as follows: 


Let An. be the r. m. s. of the sides of the given triangle 


A BC, and let A, be the side length of an equilateral 
triangle having the same area as the actual triangle 
A B C; then the side squares d? and e of the forward 
and backward components will be respectively the half 
sum and the half difference of Am? and A,?. Thus 
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A. A 
d = ML (1) 
and 
A,n— A? 
v= EXEC CE (2) 


The unbalance factor is then, as before, e/d. 

Let a, b, and c, be the three known sides of the dis- 
symmetrical system triangle A B C. Then the mean 
square of these sides is: 


24. op 
Ån Lr LLL (3) 
Again, if thejhalf-perimeter p of the triangle A B C is 
a+t+ob+e 
a ae (4) 


Fig. 1—DIAGRAM SHOWING ANALYSIS OF A DYSSYMMETRICAL 
System A BC, By ONE or THE UsuAL Vector METHODS INTO 
FORWARD AND BACKWARD COMPONENTS 


it is shown in text-books of plane trigonometry that the 
area of the triangle A B C is: 

s= /p(p—a).(p— 6). (p-— ce) (5) 
If A, is the length of the side of an equilateral triangle 
A BC, Fig. 2, the area S of this triangle, being equal 
to half the product of the base A, and the height k, 
we have 


h = A, cos 30° = A, vV 3/2 (6) 
so that 
h. A. A2 4/8 
S = 9 = 4 (7) 
e 4S 
A? =o 8 
v3 i 


If we take S = s, we have 
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(9) 


and A,? is now the side square of an equilateral triangle 
equal in area to ABC. Then 


Am + A2 e+h+¢ 28 
and 
C 
A, As 

A p 

A, B 
Fie. 2— EQUILATERAL TRIANGLE OF SIDE A, 
A, — AZ a? + 6? + ¢? 28 

e = 5 = 2 -—u 00 


With the given values a = 1100, b = 1000, and c = 
900, corresponding to the case of Fig. 1, A,? — (1100? 
+ 1000? + 9002)/3 = 1,006,666, or Am, the r. m. s. 
side, is 1002.66 volts. The semiperimeter p is 
1500 volts, and the areas of the triangle A B C is 
1500 x 600 x 400 x 500 = 424,264. The squared 
side A,? of an equilateral triangle of this area is, by (9), 
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424,264 x 4/4/8 = 979,796. or A, = 989.846. 
then have, by (1), 
1,006,666 + 979,796 
2 


We 


d? = — 993,231, and d — 996.61 


volts; while 


1,006,666 — 979.796 
e = —— ——5  — — = 18,485, and e = 115.91 


2 
volts. 
The unbalance factor, as before, is 115.91/996.61 
— 0.1168. 

In the extreme case of a symmetrical three-phase 
system, represented by an equilateral triangle, a — b 
= ¢ = q say, and the r. m. s. side A, is also q. More- 
over the side A, of the equilatera! triangle of equal area 


isevidently also g. Inthat ease, d — N Ttr = Q, 


2 


and e = RE 2 g =0; so that the unbalance factor 


vanishes. i 

In the opposite extreme case of a flat three-phase 
system, reduced to the single-phase type; so that 
A B, B C, and C A are all in the same straight line, the 
area of the system triangle vanishes, and so does the 


Án 
"i = e, and e/d, 


the unbalance factor, becomes unity. 


sidelength A,. Consequently, d — 


A Note on the Unbalancing Factor of 
Three-Phase Systems 


BY A. PEN-TUNG SAH 


Material & Process Engg. Dept. Westinghouse Elec. & Mfg. Co. 


In an article appearing in the A. I. E. E. JOURNAL for 
March 1927, Prof. A. E. Kennelly gave the following 
analytic expressions for computing the forward (positive- 
phase or direct sequence) and backward (negative-phase 
or reverse sequence) components of a dissymmetric 
three-phase vector triangle. 


a?--b +e 2 


A a = =; 
(A) : pc 
EN a? + 6? + ¢? 28 — 
-———$ va 


in which a, b, and c are thelengths of the vectors forming 
the triangle and s its area; d and e being the magnitudes 


Fic. 1 Fia. 2 


of the forward and backward components respectively. 
In deriving expressions (A), he started from the 
relations— 


An + A? c9 An D A? 


(B) d? 2 se 2 
where A,, is the r. m. s. of the sides of the given triangle 
A B C and A, the side length of an equilateral triangle 
having the same area. Judging from the fact that 
Professor Kennelly did not state how (B) could be de- 
rived, this must be either self-evident or very simply de- 
rivable from his geometrical construction of the forward 
and backward components. However, the present writer 
has failed to see this and it will be shown in the follow- 
ing that the relations (A) can be very simply obtained 
from an alternative method of geometrical construction 
of the components. | 


It is well known that the following constructions 
for the components hold: 
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Let A B C be the given vector triangle. Construct 
an equilateral triangle A B D externally on the side 
A B as in Fig. 1. Then the magnitude of the forward 
component is given by C D/4/3. If we construct the 
triangle A B D' internally as in Fig. 2, we get C D'/ 
/3 as the magnitude of the backward component. 
The lengths C D and C D' are readily computed. 
From Fig. 1 by the law of cosines, we have— 
3d —-CID'Db--c-—2bcceos(60? + Z BAC) 


| 1 
=e e-20c| cos 2 BAC 


- Bsn 2 BAC | 


1 
As > besin Z BAC = AreaofABAC =s and 


2bceos Z BAC —b--c—o, 


1 ^ ei 
38d = bte- (PF e a) H2 3 sor 


pe tete 2s 
6 I 
which is the first equation in (À). 
Similarly, 


8e = C D? = b + c?— 2bccos (60°— Z BAC) 


1 p 
=% + e~2be[ z cos Z BAC + sin Z BAC | 


1 — 
=b +e- z te-a- 2ye 


28 
V3’ 
which is the second one of the relations (A). 

In passing it should be noted that the constructions 
herein given do not give the correct phase relation of the 
components. To get the correct phase relation the 
line C D has to be rotated through an angle 30 deg. 
counter clockwise and C D’ through 30 deg. clockwise 
in order to get the respective positions of the forward 


and backward components. The unbalancing factor is 
by definition e/d. 


a + b + ¢? 
Be, e= — çp  -— 


The Interpolar Fields of Saturated Magnetic 
Circuits 
BY TH. LEHMANN! 


Non-member 


Synopsis.—In this note, the question of the effect of assuming 
infinite permeability in the iron on the accuracy of calculations of the 
tnterpolar fields in electric machines is studied. 

One can do this very easily by replacing the saturated by non- 
saturated poles, covered by an infinitely thin sheet of current giving 
the same tangential component of the field along the surface of the 
tron. The field produced by this sheet of current, then, represents 
the difference between the exterior fields of the saturated circutt and 
of the non-saturated circutt. | 

In addition to this indirect method of estimating the influence of 


INTRODUCTION 


UPPLEMENTING my discussion of the very 
interesting papers presented by Messrs. Stevenson 
and Park, and Wieseman, at the last Mid-Winter 

Convention of the A. I. E. E., I should like to show 
briefly how, from the sketches of lines of force given 
by these authors, the distribution of the interpolar 
field can be obtained when the poles or the teeth are 
saturated. . 

I have chosen for this the magnetic circuit of a d-c. 
dynamo which has open armature slots. First, by 
assuming that the iron has infinite permeability, the 
sketch in Fig. 1 is obtained with four lines of no work, 
or gradients, which outside of the coil become lines of 
equipotential. This process of development is well 
known. In this case, the area of the coil has first been 
subdivided into four equal parts, and the last one of 
these, at the top, into eighths and sixteenths, etc., 
which makes it possible to see at a glance that each 
gradient? encloses that fraction of the total area which 
corresponds to its order. This is not sufficient, how- 
ever, to obtain the exact position of the point of indif- 
ference? toward which the gradients converge and 
where the field is zero. It is necessary to make sure at 
the same time that the reluctances Ri, Ro, Rz. . . of 
the parts of the same tube from one pole to the other are 
proportional to the ampere-turns Zm,Im;,lm;... 
enclosed by the gradients which cut off these portions 
of the tubes; otherwise the distance of the point 
of indifference from the side of the coil might vary from 
1 to 2. 

It is therefore necessary to check the relations 
R,:R, = I nı: I n, ete. as has already been shown 
under a different title in the Revue Générale de I’ Elec- 
tricite of September 22, 1923, p. 397. 

When a portion of the tube is situated completely 
within the current-carrying region, the ampere-turns 

1. Consulting Engineer, Urmatt (bas-Rhin) France. 


2. Called ‘‘lines of no work” by Stevenson and Park. 
3. Called "kernel" by Stevenson and Park. 


saturation, the sketch of the field between the poles and in the air-gap 
can also be directly developed by determining with the aid of the 
differential field, the point of indifference of the saturated circuit. 
A comparison of sketches obtained in this way shows that, for the 
same useful flux, the interpolar fields are almost the same in both 
cases. From these sketches and others which will appear shortly 
in the Revue Générale de l’ Electricite, it ts evident that the sketches 
and functional curves given by Messrs. Stevenson and Park, and 
Wieseman, in their very valuable work, can still be used even though 
the poles are saturated. 


I n, included between the gradients which cut off that 
portion, are counted from the point of indifference to the 
line of force which forms the median of the portion of 
the tube under consideration. But if the portion of 
the tube falls partly in the interior and partly outside 
of the current-carrying region, it is preferable to count 
the ampere-turns J n, from the point of indifference 


to the first boundary line of the tube and add to that 


Fig. 


]—SkETCH or INTERPOLAR FIELD OF NON-SATURATED 
D-c. DYNAMO 


value half ampere-turns contained in the portion of the 
tube itself. 

Whenever the conductors in the portion of the tube 
form a rectangular section abutting against the two 
limiting lines of force, this reduction is applied, no 
matter what the thickness of the section, in the direction 
of the lines of force. 

But when the current-carrying section does not cover 
the whole width of the tube from one line of force to the 
other, but only a fraction (n/m) of this width, it can be 
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shown that it is necessary to deduct a fraction (n/2 m) 
of the ampere turns confined in the elementary tube. 
For example, one should deduct 3% of the current- 
carrying section that covers transversely only 34 of the 
width of the tube, regardless of the length of the section. 


Finally, in the case where the contour of the coil - 


cuts the tube obliquely, we can employ this same 
method by using judgment in replacing the oblique 
current-carrying zone of the tube by a rectangle of the 
same area, but of proportions so as to overlap the 
non-current-carrying zone as little as possible. 


The magnetic field outside the field coil is Laplacian, 
and can be determined by subdivision into tubes of 
unit reluctance (curvilinear square tubes), according 
to the usual method. The sketch is commenced by 
full lines which are subdivided only in the regions where 
estimation of the elementary tubes would not be 
sufficiently accurate otherwise. I am inclined to think 
that it is not advisable to commence the sketch with 


Fia. 


2—IsomETRIC{/SKetTcH OF ADDITIONAL FIELD CAUSED BY 
SATURATION OF POLES 


Assumed to be generated by‘anfequivalent current sheet. 


too fine a subdivision, which uselessly increases the 
necessary sketching and renders the localization of 
errors more difficult. The larger subdivision has also 
the advantage that, in rectifying the errors, account 
can more easily be taken of the effect of local retouching 
on the rest of the sketch which has already been traced. 


THE ADDITIONAL INTERPOLAR FIELD CAUSED BY THE 
SATURATION OF THE POLES 


Fig. 1 represents a sketch obtained in this manner. 
Now, assume that the pole is saturated in such a manner 
that, for the same useful armature flux, the pole core 
absorbs one-third of the total field pole m. m.f. 4 min, 
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so that the difference of potential caused by the satura- 
tion of the pole will be | 


where the current 2 per turn is now in C. G. S. units. 
In Fig. 2, let us mark between the base and the top of 
the pole the points 0.125 vi, 0.25 vı, 0.5 vı, and 0.75 v,, 
calculated with the aid of the lines of flux in Fig. 1, 
and retouched as follows wherever necessary. 


It has been shown in Sections III and IV of the 
mentioned article, that the field outside the iron will 
remain unchanged if the saturated core is replaced 
by a non-saturated core covered with an infinitely thin 
sheet of current. The current j per unit length must 
satisfy the relation: 


in such a way that at the height x of the pole measured 
from its base, one will have: 


x 


D 


0 


where v, designates the superficial potential at this 
point caused by saturation. This equivalence, it is 
well understood, cannot be extended to the field in the 
interior of the iron, in which we are not interested here. 


On account of this, the problem can be considered as 
follows. We can consider the interpolar field as result- 
ing from the superposition of fields generated by the 
actual current in the field pole coil and by the counter- 
magnetomotive force of a sheet of current correspond- 
ing to the actual saturation, assuming in both cases that 
the iron is infinitely permeable. It is sufficient, there- 
fore, to superpose on the sketch of Fig. 1, which was 
obtained for u = o in the iron using the field current 
which would be required for the saturated pole, another 
field produced by the sheet of current, also calculated 
for u = o in the iron. The sum of these two fields 
will give us the actual resulting field in the interpolar 
space and in the air-gap when the core of the field pole 
is saturated. If the field spider or yoke is also 
saturated, the sheet of current would naturally be 
prolonged along its surface. 


The sketeh corresponding to the sheet of current is 
very easy to secure because it is entirely Laplacian 
and the starting points of the equipotential planes 
0.75 vı, 0.5 0, . . . are known in advance, and in ad- 
dition, the lines of force in the air-gap near the neutral 
zone differ only slightly from those of Fig. 1. Gen- 
erally, such a sketch requires only a few minutes. 

But thisis not all. We gain, at the same time, a 
method of predetermining the kernel, or point of 
indifference, when the pole is saturated. 
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UTILIZATION OF THE DIFFERENCE FIELD FOR THE PRE- 
DETERMINATION OF THE POINT OF INDIFFERENCE 


Since only equal and opposite fields annul each other, 
it is only necessary to search for the neighborhood 
where the gradients have the same direction and where 
the fields in Figs. 1 and 2 have the same intensity. 
Since the point of indifference must be in the interior 
of the coil, we notice immediately, when superposing 
Figs. 1 and 2, for example, against a window pane, that 
the gradients of Fig. 1 are tangent to the potential lines 


3—SKETCH OF INTERPOLAR FIELD or DyNamMo SHOWN 
IN Fic. 1, WHEN POLE Is SATURATED 


The point of indifference has been moved toward the interior of the fleld 
coil. The ampere-turns on the left of the gradients issuing from the 
points vı, are consumed in the pole; and those to the right of these gradients 
are absorbed by the air-gap. 


Fic. 


in Fig. 2 in the narrow slice which has been cross- 
sectioned vertically; see Fig. 1. The tangency con- 
tinues far enough so that it is well to mark off a slice 
by the two gradients of Fig. 1, which coincide with only 
slight deviation with the potential lines of Fig. 2. It 
is only necessary now to compare the intensities of the 
fields. In Fig. 2, we see that the potential line on which 
the new point of indifference should be found is located 
in the square, the bases of which have a difference of 
potential v,/8, and the lines of force a length of 1.95 cm. 
Assuming that the current density t is 1/4 7 C. G.S. 
units the magnetomotive force of the whole field coil 
will be, for the scale of Fig. 1, 51 C. G. S. units, and that 
of the fictitious sheet of current 51/3 C. G. S. units, so 
that in the square tube under consideration in Fig. 2, 
the field H expressed in C. G. S. units is: 


5D 1 1 

| 8871.95 

If one compares in Fig. 1 the curvilinear sector formed 
by the gradients, which embrace the fourth and the 


eighth part of the section of the coil, to a cireular sector, 
the radius of such a circular sector must be, according 


— 1.10 C. G. S. units 
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2 
to a well-known relation, r — Iai,’ and remember- 
l T %o 
. e. 1 LJ e. 
ing that % = dr C. G. S. units is the assumed current 
density, we then have: 


= 2.1.10 = 2.20 cm. 


and since the center of the equivalent circular sector 
falls one mm. behind the point of indifference, of Fig. 1, 
the new point of indifference will be found 2.10 em. 
distance from the old one on the curved line bisecting 
the small cross-sectioned slice of Fig. 1. 


DIRECT DEVELOPMENT OF THE INTERPOLAR SKETCH 
WHEN THE POLES ARE SATURATED 


Since we now know the point of indifference when the 
pole is saturated, we can easily develop the sketch of 
the interpolar field shown in Fig. 3, by dividing the area 
of the coil in the ratio 1:3 by a line which starts from the 
lower left corner of the coil. In this particular case, 
the point of indifference will be to the left of this line, 
and it is evident that the gradient which starts from 
the point v; of the pole core must be a little further to the 
right than the dividing line. The curve of this gradient 


4—LiNEes or FORCE AND GRADIENTS WHEN POLES AND 
ARMATURE TEETH ARE SATURATED 


Fia. 


The ampere-turns to the left of the gradients starting from the points 5 
are absorbed by the pole; and the ampere-turns to the right by the air- 
gap and the armature teeth. l 


will be given to us by the condition that on both sides 
of it the tubes of the same parameter must join without 
discontinuity, which makes it necessary to move the 
horizontal dotted lines which divide the coil in aliquot 
fractions sideways from this gradient until the proper 
concordance is obtained. The gradients which start 
from the pole core are easy to trace, since they join 
the points v,, 0.5 vı, 0.25 vı, and 0.125 vi, with the point 
of indifference. | 


Lod 
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Unfortunately, the same line of force was not taken 
as the starting point in Figs. 1 and 3, but one can, 
nevertheless, recognize that the total interpolar flux 
is slightly weaker for the saturated pole than for the 
non-saturated pole for the same useful flux (in spite of 
the fact that there were 50 per cent more ampere-turns 
in Fig. 3); but the difference is not more than 1 per cent 
of the useful flux. | 


CASE WHERE POLES AND ARMATURE TEETH ARE 
SATURATED 


In Fig. 4, the case has also been treated where the 
pole absorbs a third of the total ampere-turns, while 
the armature teeth consume 23 per cent of the ampere- 
turns consumed in the air-gap, as is indicated by the 
numbers 0.125 », and 0.105 v, noted alongside the 
first tooth. The general appearance of the lines of 
force is, so to speak, the same as in Fig. 3, but the 
interpolar leakage flux is larger, since the ampere-turns 
necessary for the armature and the air-gap have become 
larger for the same useful flux. 


GENERALIZATION FROM THE SUPERPOSITION PROCESS 
OF SECTION II 


Finally, it may be asked if one could not also obtain 
the point of indifference of Fig. 1 with the aid of the air 
field due to the. field coils, for example? This is, in 
fact, possible, as we will soon show in the Revue Générale 
de l’Electricite. Thus, we are led to the following 
statement. The difference field between two interpolar 
fields generated by the same coil and the same currents 
along a given contour is always a Laplacian field, 
whether the contour is formed by saturated mediums or 
not, and even though the contour is simply imagined 
in an entirely air medium. 

This principle is especially serviceable when it is 
necessary to determine the resulting field generated 
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by several coils, as in the case of a d-c. dynamo having 
commutation poles, for example. The resulting fields 
in the slots when the teeth are highly saturated can be 
determined very well by this method. It is necessary 


-to plate the walls of the teeth with sheets of current, 


giving the same tangential potential gradient along the 
teeth walls as the resultant field. 

The principle of superposition of Section II can also be 
applied to space. It is sufficient to make 4 v times the 
vector of the density 7 of the superficial currents (in 
C. G. S. units) equal to the negative of the vectorial 
product of the normal exterior unit vector and the 
field vector H at the exterior surface, as shown by the 
equation: 

4aj = — [n, H] 
CONCLUSIONS 

Summing up, it may be said that the interpolar 
sketches developed on the assumption that u = o in 
the iron are generally sufficiently exact for all practical 
purposes, provided the interpolar flux is obtained 
from the number of field ampere-turns necessary for 
the air-gap and the armature. 

When only the poles are saturated, the necessary 


‘correction is hardly ever more than 1 per cent of the 


useful flux, for the same potential difference between the 
pole tips. 

But one can also develop directly the sketch in the 
air-gap, in the interpolar space, and in the slots, when 
the magnetic circuit is saturated. It is then advanta- 
geous to determine the additional Laplacian field caused 
by the saturation, which makes it possible to find the 
exact position of the points of indifference. As soon 
as these points are known, sketching the field presents 
practically no further difficulty. 

The author wishes to express his gratitude to A. R. 
Stevenson, Jr., for translating this paper. 
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